














TABLES INCLUDED IN THIS SERIES OF REPORTS, FREQUENCY OF PUBLICATION, 
AND MOST RECENT QUARTER PUBLISHED 


Table title Frequency!/ 


LUMBER AND PLYWOOD PRODUCTION AND PRICES 

Softwood lumber production in Western 

United States, by region, and U.S. 

softwood plywood production, 1970-81 Q 

Lumber production in Northwest States, 

1969-79 A 

Softwood lumber production in the inland 
region, by species, 1969-79 A 

Lumber production in western Washington 

and western Oregon, by species, 1969-79 A 

Softwood plywood production in the United 
States, by State, 1970-80 A 

Softwood lumber and plywood production in 
British Columbia, 1969-79 A 

Wholesale prices of selected lumber 

products, 1970-81 Q 

Wholesale prices of selected softwood 

plywood products, 1970-81 Q 

WOODPULP PRICES 

Wholesale prices of selected pulp products, 
1960-73 P 

TIMBER HARVEST 

Washington and Oregon timber harvest, by 
ownership, 1969-78 A 


Most recent quarter 


Current, Table 1 
Second quarter 1980 
Second quarter 1980 
Second quarter 1980 
Current, Table 2 
Second quarter 1980 
Current, Table 3 
Current, Table 4 

First quarter 1974 

Second quarter 1980 


!/A: Published annually as data become available. 

B: Published biannually as data become available. 

P: Published periodically as data become available. 
Q: Published quarterly as data become available. 


Montana and Idaho timber harvest 

by ownership, 1969-79 A 

British Columbia timber harvest, 1969-79 A 

Alaska timber harvest on public lands, 
by ownership, 1969-79 A 

California timber harvest 

by ownership, 1969-79 A 

PULPWOOD CONSUMPTION AND PRICES 

Washington and Oregon pulpwood consumption 
for selected years, 1947-78 B 

Average value of Pacific Northwest pulpwood 
for selected years, 1947-78 B 

EMPLOYMENT IN FOREST PRODUCTS INDUSTRIES 

Employment in forest products industries 

in Washington, Oregon, and Alaska, 1970-81 Q 

Employment in forest products industries 
in California, 1970-81 Q 

Employment in forest products industries 
in Montana and Idaho, 1970-81 Q 


LOG, PULPWOOD, AND CHIP EXPORTS AND IMPORTS 

Softwood log exports from Washington and 
Oregon ports, by origin, species, and 
destination, 1970-81 Q 

Value of softwood log exports from 
Washington and Oregon ports, by origin, 
species, and destination, 1970—81 Q 

Average value of softwood logs exported 

from Washington and Oregon ports, by 

origin, species, and destination, 1970-81 Q 


Third quarter 1980 
Third quarter 1980 

Third quarter 1980 

Third quarter 1980 

Third quarter 1979 
Third quarter 1979 

Current, Table 5 
Current, Table 6 
Current, Table 7 

Current, Table 8 

Current, Table 9 


Current , Table 10 



5 ot iwuou iog exports mom nortnern 
California ports, by species and 

destination, 1970-81 Q Current, Table 11 

Softwood log exports by State and port, 

Washington, Oregon, and northern 
California, 1970—81 

Average value of softwood log exports by 
State and port, Washington, Oregon, and 
northern California, 1970-81 

Volume and average value of softwood log 
exports from Alaska ports by destination, 

1970-81 Q Current, Table 14 

Volume and value of hardwood log exports 
from ports of Washington, Oregon, Alaska, 

and northern California, 1970-81 Q Current, Table 15 

Log exports from southern California 

ports, by species, 1970-81 Q Current, Table 16 

Volume and average value of softwood log 
exports to Canada from the Montana 

Customs District, 1970-81 0 Current, Table 17 

Log exports from British Columbia ports, 

by species and destination, 1970-81 Q Current, Table 18 

Volume and average value of softwood log 
imports of all species from Canada into 

Washington and Oregon, 1970-81 Q Current, Table 19 

Volume and average value of pulpwood 
imports from Canada into the Washington 

Customs District, 1970-81 Q Current, Table 20 

Volume and average value of chips exported 
from the Washington, Oregon, San Francisco, 

and Alaska Customs Districts, 1970-81 Q Current, Table 21 

LUMBER AND PLYWOOD EXPORTS 

Softwood lumber exports from Washington 
and Oregon ports, by origin, species, 
and destination, 1970-81 


Q Current, Table 12 

Q Current, Table 13 


Q 


Current, Table 22 



Softwood lumber exports from northern 
California ports, by species and 
destination, 1970-81 Q 

Softwood lumber exports from southern 
California ports, by species and 
destination, 1970-81 Q 

Softwood lumber exports from Alaska ports, 
by species and destination, 1970-81 Q 

Softwood lumber exports to Canada from 

the Montana Customs District, 1970-81 Q 

Lumber exports from British Columbia ports, 
by species and destination, 1970-81 Q 

Waterborne lumber shipments from U.S. 

Pacific coast and British Columbia to 

U.S. Atlantic coast, 1959-79 A 

Plywood exports from Washington and Oregon 
ports, by origin and destination, 1970-81 Q 

Plywood exports from California, 1970-81 Q 

FOREST PRODUCTS PRICE TRENDS IN JAPAN 

Wholesale price indexes of domestic and 
imported logs in Japan, 1965-70 P 

Wholesale prices of domestic and imported 
lumber squares in Japan, 1965-70 P 

Wholesale price indexes for all commodities 
and selected commodity groups in Japan, 

1952-67 P 

Wholesale price indexes for sawn lumber 

and plywood products in Japan, 1960-67 P 


LOG PRICES IN WESTERN WASHINGTON AMD 
NORTHWESTERN OREGON 

Douglas-fir Peeler log prices, western 
Washington and northwestern Oregon, 1969-79 A 


Current, Table 23 

Current, Table 24 
Current , Table 25 
Current, Table 26 
Current, Table 27 

Fourth quarter 1979 

Current, Table 28 
Current, Table 29 

Second quarter 1970 
Second quarter 1970 

Fourth quarter 1968 
Fourth quarter 1968 

Second quarter 1980 



Douglas-fir Sawmill log prices, western 
Washington and northwestern Oregon, 1969-79 

A 

Second 

quarter 1980 

Western hemlock log prices, western 

Washington and northwestern Oregon, 1969-79 

A 

Second 

quarter 

1980 

Noble fir log prices, western Washington 
and northwestern Oregon, 1969-79 

A 

Second 

quarter 

1980 

White fir log prices, western Washington 
and northwestern Oregon, 1969-79 

A 

Second 

quarter 

1980 

Sitka spruce log prices, western Washington 
and northwestern Oregon, 1969-79 

A 

Second quarter 

1980 

Western redcedar log prices, western 

Washington and northwestern Oregon, 

1969-79 

A 

Second 

quarter 

1980 

Western white pine log prices, western 
Washington and northwestern Oregon, 

1969-79 

A 

Second 

quarter 

1980 

VOLUME AND AVERAGE VALUE OF STUMPAGE SOLD BY 
PUBLIC AGENCIES 





Volume of timber sold on publicly owned or 
managed lands, Washington and Oregon, 1976-81 

Q 

Current 

, Table 

30 

Average stumpage prices of timber sold on 
publicly owned or managed lands, Washington 
and Oregon, 1976-81 

Q 

Current 

, Table 

31 

Average stumpage prices for sawtimber sold 
on National Forests by selected species, 
Pacific Northwest Region, 1970-81 

Q 

Current 

, Table 

32 

Volume and average stumpage price of 
selected species on the National Forests 
of the Pacific Northwest Region, first 
quarter 1981 

Q 

Current 

, Table 

33 

Volume of timber sold on publicly owned 
or managed lands, Montana and Idaho, 

1976-81 

Q 

Current 

, Table 

34 

Average stumpage prices of timber sold on 
publicly owned or managed lands, Montana 
and Idaho, 1976-81 

Q 

Current 

, Table 

35 



Average stumpage prices for sawtimber sold 
on National Forests by selected species. 

Northern Region, 1970-81 Q 

Volume of timber sold on publicly owned or 
managed lands in Alaska, 1976-81 Q 

Average stumpage prices of timber sold on 

publicly owned or managed lands in 

Alaska, 1976-81 Q 

Average stumpage prices for sawtimber 

sold on National Forests by selected 

species, Alaska Region, 1970-81 Q 

Volume of timber sold on publicly owned 
or managed lands in California, 1976-81 Q 

Average stumpage prices of timber sold on 
publicly owned or managed lands in 
California, 1976-81 Q 

Average stumpage prices for sawtimber sold 
on National Forests by selected species, 

Pacific Southwest Region, 1970-81 0 

Uncut volume under contract on National 
Forest lands in California, Montana, Idaho, 
Oregon, and Washington, 1969-79 A 

Allowable annual cut and uncut volume under 
contract on Bureau of Indian Affairs lands 
in Washington and Oregon, 1963-71 P 

Allowable annual cut and uncut volume 

under contract on Bureau of Land 

Management lands in Oregon, 1970-80 A 

Allowable annual cut and uncut volume 
under contract on Oregon State lands, 

1969-79 A 

Allowable annual cut and uncut volume 

under contract on Washington State 

lands, 1969-80 A 

Small business set-aside sales on 
National Forests by number and volume, 

Pacific Northwest Region, 1970-81 Q 


Current, Table 36 
Current, Table 37 

Current, Table 38 

Current, Table 39 
Current, Table 40 

Current, Table 41 

Current, Table 42 

Second quarter 1980 

Fourth quarter 1971 

Current, Table 43 

Second quarter 1980 

Second quarter 1980 


Current, Table 44 


TABLES 




YEAR 

TOTAL 

SOFTWOOD 

LUMBER 

WESTERN WASHINGTON 
AND 

WESTERN OREGON 

CALIFORNIA 

REDWOOD 

REGION 

INLAND 

REGION 1 

U.S. SOFTWOOD 
PLYWOOD 
PRODUCTION 2 



Million board feet 


Million sq ft, 
3/8-inch basis 

1970 

19,076 

7,475 

2,374 

9,227 

14,277 

1971 

20,631 

8,283 

2,329 

10,019 

16,635 

1972 

21,830 

8,983 

2,452 

10,395 

18,324 

1973 

22,267 

9,074 

2,629 

10,564 

18,305 

1974 

19,425 

7,777 

2,675 

8,973 

15,878 

1975 

17,778 

7,139 

2,194 

8,445 

16,050 

1976 

20,611 

8,322 

2,500 

9,789 

18,440 

1977 

21,558 

8,796 

2,453 

10,309 

19,677 

1978 

20,780 

8,845 

1,902 

10,033 

19,936 

1979 

20,045 

8,427 

1,838 

9,780 

20,022 

1980 

1981 — 

16,429 

7,165 

1,631 

7,633 

16,573 

January 

1,402 

614 

129 

659 

1,501 

February 

1,353 

590 

132 

631 

1,491 

March 

1,520 

655 

125 

740 

1,618 

Total , 







1st quarter 4,275 1,859 386 2,030 4,610 


Apri 1 

May 

June 

Total , 

2d quarter 


July 

August 

September 


Total, 

3d quarter 


October 

November 

December 


Total , 

4th quarter 

1981 total 


— 1st quarter 1981 change, in percent 

From — 

4th quarter 1980 4.6 8.3 -4.0 3.2 3.5 

1st quarter 1980 -3.9 -9.0 -10.0 2.8 4.8 


Source — Western Wood Products Association, Portland, Oregon (western Washington and western Oregon, 
inland region), National Forest Products Association, Washington, D.C, (California redwood region), 
and American Plywood Association, Tacoma, Washington (U.S. softwood plywood data). 

^Inland region includes eastern Washington, eastern Oregon, California (except redwood region), 
Nevada, Idaho, Montana, Wyoming, Utah, Colorado, Arizona, New Mexico, and a portion of South Dakota. 


2 Data for 1974 and 1975 are based in part on sampling. 



YEAR TOTAL 


OREGON WASHINGTON 


J. UMnU, HNU 

CALIFORNIA COLORADO 


^UUIMLKIN NUKiriLKN 

STATES 1 STATES 2 


1970 

14, 291. OR 

7,439.1 

1,804.9 

826.8 

891.2 

3,315.0 

14.0 

1971 

16,642 . 1R 

8,147.9 

2,070.0 

984.3 

1,022.8 

4,410.1 

7.0 

1972 

18,323.7 

8,634.9 

2,251.1 

1,050.7 

1,068.2 

5,318.8 

0 

1973 

18,304.6 

8,518.6 

2,232.5 

963.8 

1,031.0 

5,558.7 

0 

1974 

15,878.3 

7,055.6 

1,853.3 

843.6 

995.7 

5,130.1 

0 

1975 

16,050.3 

6,927.4 

1,723.7 

649.6 

1,074.1 

5,675.5 

0 

1976 

18,440.0 

7,917.0 

1,894.0 

603.0 

1,212.0 

6,814.0 

0 

1977 

19,376.2 

8,109.2 

' 2,013.0 

552.0 

1,255.0 

7,447.0 

0 

1978 

19,964.4 

8,226.4 

2,084.2 

510.7 

1,245.0 

7,898.1 

0 

1979 

19,653.0 

7,929.0 

1,727.0 

463.0 

1,205.0 

8,329.0 

0 

1980 

16,468.0 

6,179.0 

1,333.0 

319.0 

1,088.0 

7,393.0 

156.0 


Source — American Plywood Association. 

1 Southern States include Alabama, Arkansas, Florida, Georgia, Louisiana, Maryland, North Carolina, 
Ok 1 ahoma, South Carolina, Texas, and Virginia. 

2 Northern States include Maine, Michigan, Minnesota, Wisconsin. 

R « revised. 
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DIMENSION, 25 PCT, 


PONDEROSA PINE 


DIMENSION 


DIMENSION 


YEAR 

STD. AND BTR., 

2 BY 4 RL, GREEN, 
S4S, F.O.B. Mill 

BOARDS, NO. 3, 

1 BY 12 RL, DRY, 
S4S, F.O.B. MILL 

PONDEROSA PINE 

NO. 2 SHOP, 6/4 RWRL, 
S2S, DRY, F.O.B. MILL 

STD. AND BTR., 

2-1 N RWRL, DRY, 
S4S, F.O.B. MILL 

STD. AND B‘ 
2-IN RWRL, I 
S4S, F.O.B. 

1970 

74.13 

84.62 

119.82 

89.34 

77.77 

1971 

97.77 

96.44 

152.26 

112.38 

101.96 

1972 

117.48 

130.94 

179.94 

141.20 

128.93 

1973 

152.23 

179.29 

225.65 

175.47 

167.87 

1974 

135.05 

167.47 

244.94 

155.28 

147.05 

1975 

137.64 

143.28 

196.89 

149.29 

137.55 

1976 

167.98 

184.31 

314.44 

184.37 

175.56 

1977 

204.76 

231.53 

377.24 

224.34 

206.70 

1978 

227.22 

1/258.44 

460.00 

248.32 

237.30 

1979 

251.34 

317.26 

478.27 

283.06 

268.10 

1980 

1981 — 

197.72 

287.52 

460.02 

223.08 

211.23 

January 

NA 

NA 

NA 

NA 

NA 

February 

NA 

NA 

NA 

NA 

NA 

March 

NA 

NA 

NA 

NA 

NA 

Average, 

1st quarter 

NA 

NA 

NA 

NA 

NA 


Apri 1 

May 

June 


Average, 

2d quarter 


July 

August 

September 


Average, 

3d quarter 


October 

November 

December 


Average, 

4th quarter 

1981 average 


1st quarter 1981 change, in percent- - — - - — 

From — 

4th quarter 1980 NA NA NA NA NA 

1st quarter 1980 NA NA NA NA NA 


Source-U.S. Bureau of Labor Statistics. 
^11-month average. 

NA = not aval 1 able. 
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YEAR 

INTERIOR, 1/4-INCH, 
AO, F.O.B. MILL 

EXTERIOR, 3/8-INCH, 
AC, F.O.B. MILL 

INTERIOR SHEATHING, 
1/2-INCH, STD. EXT. GLUE. 
F.O.B. MILL 1 

1970 

64.34 

93.36 



1971 

72.58 

103.79 

— 

1972 

87.79 

126.44 

118.30 

1973 

111.61 

174.50 

138.23 

1974 

125.79 

158.27 

128.72 

1975 

131.84 

173.00 

135.07 

1976 

144.97 

206.61 

155.86 

1977 

162.48 

226.44 

195.37 

1978 

191.92 

258.51 

214.38 

1979 

201.66 

272.90 

1/205.79 

1980 

190.36 

253.36 

193.51 

January 

NA 

NA 

NA 

February 

NA 

NA 

NA 

March 

NA 

NA 

NA 

Average, 





1st quarter NA NA NA 


Apri 1 

May 

June 

Average, 

2d quarter 

July 

August 

September 

Average, 

3d quarter 


October 

November 

December 


Average, 

4th quarter 


fl981 


average 


— 1st quarter 1981 change, in percent 

From — 

4th quarter 1980 NA NA NA 

1st quarter 1980 NA NA NA 


Source — U.S. Bureau of Labor Statistics. 
^Established January 1972. 

^11-month average. 

NA » not available. 
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1970 

138.2 

109.0 

29.2 

62.0 

42.2 

19,8 

76,2 

66.8 

9.4 



2.8 

1 / 

1971 

141.2 

113.8 

27.4 

61.5 

43.4 

18.1 

79.7 

70.4 

9.3 



2.8 

1/ 

1972 

150.2 

122.5 

27.7 

65.5 

47.3 

18.2 

84.7 

75.2 

9.5 



2.8 

1 / 

1973 

155.3 

127.9 

27.4 

66.8 

49.1 

17.7 

88.5 

78.8 

9.7 

— 

2.3 

7 / 

1974 

152.1 

124.5 

27.6 

67.3 

49.7 

17.6 

84.8 

74.8 

10.0 

— 

2.5 

?/ 

1975 

137.2 

110.8 

26.4 

60.4 

43.8 

16.6 

76.8 

67.0 

9.8 

— 

2.0 

• 7 / 

1976 

150.9 

123.4 

27.5 

68.4 

51.0 

17.4 

82.5 

72.4 

10.1 

3.4 

2.3 

l.T 

1977 

159.2 

131.4 

27.8 

71.6 

53.9 

17.7 

87.6 

77.5 

10.1 

3.6 

2.2 

1.4 

1978 

159.3 

136.5 

22.8 

69.1 

55.1 

14.0 

90.2 

81.4 

8.8 

2.9 

1.8 

1.1 

1979 

159.0 

133.4 

25.6 

68.4 

52.6 

15.8 

90.6 

80.8 

9.8 

3.0 

2.0 

1.0 

1980 

141.2 

113.4 

27.8 

62.5 

45.0 

17.5 

78.7 

68.4 

10.3 

3.4 

2.4 

1.0 

1981 — 













January 

136.9 

109.4 

27.5 

61.7 

44.4 

17.3 

75.2 

65.0 

10.2 

2,1 

1.2 

.9 

February 

136.6 

109.3 

27.3 

61.9 

44.7 

17.2 

74.7 

64.6 

10.1 

2.3 

1.4 

.9 

March 

135.4 

108.4 

27.0 

61.2 

44.4 

16.8 

74.2 

64.0 

10.2 

2.8 

1.9 

.9 

Average, 

1st quarter 136.3 

109.0 

27.3 

61.6 

44.5 

17.1 

74.7 

64.5 

10.2 

2.4 

1.5 

.9 


Apri 1 

May 

June 

Average, 

2d quarter 


July 

August 

September 

Average, 

3d quarter 


October 

November 

December 

Average, 

4th quarter 

1981 average 


From — 

4th quarter 
1980 

1st quarter 
1900 


1st quarter 1981 change in employment 


-3.2R 

-2.1 

-1.1R 

~.8R 

.2R 

-1 .OR 

-2.4 

-2.3 

-.1 

-.4 

-.4 

0 

-14 .6R 

-13.7 

~.9R 

-4.6R 

-3.9R 

-.7R 

10. OR 

-9.8R 

-.2 

.5 

.1 

.4 


Source— State employment agencies. Includes both covered and noncovered employm 
plywood, poles and piling, and miscellaneous wood products (excludes furniture), 
paperboard, and building board products. Since April 1974, employment data have 


ent. The lumber and wood products industry includes logging, lumber, 
The paper and allied products industry includes pulp, paper, 
been based on place of residence. 


before 1973, data for the pulp and allied products Industry are included in the 


lumber and wood products industry. 


^Withheld to avoid disclosure. 


R « revised. 
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LUMBER AND WOOD PAPER AND ALLIED 
YEAR TOTAL PRODUCTS PRODUCTS 


1970 

84.8 

48.1 

36.7 

1971 

86.0 

50.5 

35.5 

1972 

90.3 

52.4 

37.9 

1973 

90.2 

54.1 

36.1 

1974 

88.2 

50.9 

37.3 

1975 

87.3 

52.8 

34.5 

1976 

96.6 

59.9 

36.7 

1977 

104.2 

66.6 

37.6 

1978 

107.1 

69.9 

37.2 

1979 

107.8 

68.7 

39.1 

1980 — 




January 

101.9 

62.5 

39.4 

February 

101.8 

62.4 

39.4 

March 

102.1 

62.4 

39.7 

Average, 




1st quarter 

101.9 

62.4 

39.5 

April 

100.5 

61.1 

39.4 

May 

98.7 

59.8 

38.9 

June 

100.4 

61.9 

38.5 

Average, 




2d quarter 

99.8 

60.9 

38.9 

July 

102.0 

63.6 

38.4 

August 

102.1 

63.8 

38.3 

September 

103.1 

64.6 

38.5 

Average, 




3d quarter 

102.4 

64.0 

38.4 

October 

102.7 

64.6 

38.1 

November 

101.2 

63.3 

37.9 

December 

98.8 

60.9 

37.9 

Average, 




4th quarter 

100.9 

62.9 

38.0 

1980 average 

101.3 

62.6 

38.7 


— 

4th quarter 1980 change 

in employment 

From — 




3d quarter 1980 

~1.5 

-1.1 

-.4 

4th quarter 1979 

-6.4 

-5.1 

-1.3 



- -Year 1980 change in employment 

From year 1979 

-6.5 

-6.1 

-.4 


Source — State of California, Department of Employment. Since April 1974, 
data have been based on place of residence. 
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MONTANA 


IDAHO 


YEAR 

LUMBER AND 

WOOD PRODUCTS 

PAPER AND 

ALLIED PRODUCTS TOTAL 

LUMBER AND 
WOOD PRODUCTS 

PAPER AND 
ALLIED PRODUCTS 

1970 

8.2 

i/ 

13.8 

12.8 

1.0 

1971 

8.7 

t/ 

14.8 

13.7 

1.1 

1972 

9.2 

T/ 

15.2 

14.1 

1.1 

1973 

9.8 

1/ 

16.3 

15.1 

1.2 

1974 

9.5 

T/ 

15.7 

14.6 

1.1 

1975 

8.1 

T/ 

16.8 

15.7 

1.1 

1976 

9.1 

T/ 

18.6 

17.4 

1.2 

1977 

9.3 

1/ 

19.0 

17.8 

1.2 

1978 

10.7 

1/ 

20.1 

18.8 

1.3 

1979 

11.0 

1/ 

19.9 

18.5 

1.4 

1980 

8.8 

1/ 

17.5 

16.1 

1.4 

1981 






January 

9.1 

1/ 

17.2 

15.7 

1.5 

February 

8.9 

T/ 

17.2 

15.7 

1.5 

March 

8.8 

1/ 

16.1 

14.6 

1.5 

Average, 

1st quarter 

8.9 

1/ 

16.8 

15.3 

1.5 


Apri 1 

May 

June 

Average, 

2d quarter 


July 

August 

September 

Average, 

3d quarter 


October 

November 

December 


Average, 

4th quarter 

1981 average 

1st quarter 1981 change In employment 


From — 

4th quarter 1980 .4 

1st quarter 1980 -.8R 


-1.3 -1.3 0. 

~.6R -.7R .1R 


Source— State employment agencies. Since April 1974, employment data have been based on place of 
residence. 

^Withheld to avoid disclosing figures for individual companies. 

R * revised. 


7 



PORT PORT 


YEAR AND 
QUARTER 

TOTAL 

QOUGLAS- 

FIR 

ORF0RD- 

CEDAR 

OTHER 

SOFTWOODS 

TOTAL 

DOUGLAS— 

FIR 

OTHER 

SOFTWOODS 

TOTAL 

QOUGLAS- 

FIR 

ORFORD- 

CEDAR 

OTHER 

SOFTWOODS 






TO ALL 

COUNTRIES 






1970 

2,216,110 

452,655 

41,260 

1,722,195 

1,579,185 

308,466 

1,270,719 

636,925 

144,189 

41,260 

451,476 

1971 

1,837,173 

416,453 

34,390 

1,386,330 

1,319,809 

294,430 

1,025,379 

517,364 

122,023 

34,390 

360,951 

197? 

2,637,148 

767,496 

36,907 

1,832,745 

1,907,235 

566,487 

1,340,748 

729,913 

201,009 

36,907 

491,997 

1973 

2,639,210 

864,474 

20, 966 

1,753,770 

1,833,293 

555,324 

1,277,969 

805,917 

309,150 

20,966 

475,801 

1974 

2,189,367 

715,514 

17,481 

1,456,372 

1,423,570 

404,884 

1,018,686 

765,797 

310,630 

17,481 

437,686 

1975 

2,225,487 

765,840 

24,361 

1,435,286 

1,427,387 

437,290 

990,097 

798,100 

328,550 

24,361 

445,189 

1976 

2,737,074 

945,649 

26,576 

1,764,849 

1,792,944 

527,089 

1,265,055 

944,130 

417,760 

26,576 

499,794 

1977 

2,555,615 

966,763 

16,721 

1,572,131 

1,674,860 

556,419 

1,118,441 

880,755 

410,344 

16,721 

453,690 

1978 

2,847,394 

1,139,267 

24,493 

1,683,634 

1,915,979 

619,500 

1,296,47 9 

931,415 

519,767 

24,493 

387,155 

1979 

1980— 

3,2 33,652 

1,309,179 

22,693 

1,901,780 

2,249,963 

732,392 

1,517,571 

983,689 

576,787 

22,693 

384,209 

1st qtr. 

827,730 

369,910 

3,440 

454,388 

547,829 

193,213 

354,616 

279,909 

176,697 

3,440 

99,772 

2d qtr. 

793,840 

358,563 

4,704 

430,573 

539,841 

189,551 

350,290 

253,999 

169,012 

4,704 

80,283 

3d qtr. 

508,640 

265,986 

2,249 

240,405 

309,541 

132,270 

177,271 

199,099 

133,716 

2,249 

63,134 

4th qtr. 

501,599 

267,751 

1,907 

231,941 

301,927 

130,039 

171,880 

199,672 

137,712 

1,907 

60,053 

1980 total 

2,631,817 

1,262,210 

12,300 

1,357,307 

1,699,138 

645,073 

1,054,065 

932,679 

617,137 

12,300 

303,242 

1981— 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

519,222 

251,035 

5,505 

262,682 

333,359 

128,237 

205,122 

185,863 

122,798 

5,505 

57,560 


1981 total 


JAPAN 


1970 

2,144,332 

430,634 

41,254 

1,672,444 

1,514,695 

290,158 

1,224,537 

629,637 

140,476 

41,254 

447,907 

1971 

1,710,299 

390,978 

34,390 

1,284,931 

1,197,011 

271,763 

925,248 

513,288 

119,215 

34,390 

359,683 

1972 

2,391,163 

692,308 

36,907 

1,661,948 

1,678,846 

496,201 

1,182,645 

712,317 

196,107 

36,907 

479,303 

1973 

2,455,485 

822,160 

20,966 

1,612,359 

1,663,203 

520,373 

1,142,830 

792,282 

301,787 

20,966 

469,529 

1974 

1,975,575 

638,225 

17,342 

1,320,008 

1,237,653 

341,890 

895,763 

737,922 

296,335 

17,342 

24,361 

424,245 

1975 

2,014,244 

732,264 

24,361 

1,257,619 

1,255,817 

410,721 

845,096 

758,427 

321,543 

412,523 

1976 

2,547,03 7 

901,911 

24,573 

1,620,553 

1,623,064 

491,451 

1,131,613 

923,973 

410,460 

24,573 

408,940 

1977 

2,346,325 

933,813 

16,721 

1,397,791 

1,496,627 

526,255 

970,372 

851,698 

407,558 

16,721 

427,419 

1978 

2,521,885 

1,103,562 

22,814 

1,395,509 

1,630,247 

509,654 

1,040,593 

891,630 

513,908 

22,814 

354,916 

1979 

1980— 

2,959,7 26 

1,279,177 

20,611 

1,659,938 

1,998,315 

705,921 

1,292,394 

961,411 

573,256 

20,611 

367,544 

1st qtr. 

758,470 

363,052 

3,440 

391,978 

491,160 

189,294 

301,866 

267,310 

173,758 

3,440 

90,112 

2d qtr. 

727,929 

352,551 

4,704 

370,674 

207,810 

481,535 

185,236 

120,840 

296,299 

246,394 

167,315 

4,704 

74,375 

3d qtr. 

460,916 

250,857 

2,249 

270,3 64 

149,524 

190,552 

130,017 

2,249 

58,206 

4th qtr. 

397,007 

208,947 

1,907 

186,153 

245,435 

107,235 

138,200 

151,572 

101,712 

1,907 

47,953 

1980 total 

2,344,322 

1,175,407 

12,300 

1,156,615 

1,480,494 

602,605 

885,889 

855,828 

572,802 

12,300 

270,726 

1981 — 












1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

423,412 

221,734 

5,506 

196,173 

252,904 

107,354 

145,550 

170,508 

114,380 

5,505 

50,623 


1981 total 


4 


1 


8 





YEAR AND 
QUARTER 

TOTAL 

OOUGLAS- 

FTR 

OR FORD- 
CEDAR 

OTHER 

SOFTWOODS 

TOTAL 

DOUGLAS- 

FIR 

OTHER 

SOFTWOODS 

TOTAL 

DOUGLAS- 

FIR 

ru« i 
ORFQRD- 
CEDAR 

OTHER 

SOFTWOODS 






TO CANADA 






1970 

27,997 

11,171 

12,332 

__ 

16,826 

27,997 

11,171 

16,826 





1971 

55,712 

— 

43,380 

127,288 

55,712 

12,332 

43,380 









1972 

170,582 

43,294 

— 

159,359 

43,294 

116,065 

11,223 





11,223 

1973 

72,164 

22,265 

— 

49,899 

72,164 

22,265 

49,899 







1974 

73,664 

39,060 

— 

34,604 

73,664 

39,060 

34,604 









1975 

58,506 

16,793 

— 

41,713 

58,506 

16,793 

41,713 









1976 

48,289 

14,803 

— 

33,486 

48,289 

14,803 

33,486 









1977 

15,698 

9,531 

— 

6,167 

15,698 

9,531 

6,167 









1978 

12,638 

9,361 

— 

3,277 

12,638 

9,361 

3,277 









1979 

1980 — 

24,124 

7,737 

— 

16,387 

24,124 

7,737 

16,387 

— 

— 


— 

1st qtr. 

153 

77 

— 

76 

153 

77 

76 









2d qtr. 

247 

49 

— 

98 

247 

49 

198 

— 



— 



3d qtr. 

264 

61 

— 

203 

264 

61 

203 









4th qtr. 

321 

208 

— 

113 

321 

208 

113 

— 

— 

— 

— 

1980 total 

985 

395 

— 

590 

985 

395 

590 

— 

~ 

— 

— 

1901 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

634 

239 


395 

634 

239 

395 






1981 total 


TO SOUTH KOREA 


1970 

32,336 

5,140 


27,196 

26,839 

3,138 

23,701 

5,497 

2,002 


3,495 


1971 

63,757 

6,331 

— 

57,426 

62,757 

6,331 

56,426 

1,000 





1,000 


1972 

47,554 

4,419 

— 

43,135 

46,304 

4,419 

41,085 

1,250 

— 

— 

1,250 


1973 

101,929 

15,175 

— 

86,754 

101,357 

96,680 

12,063 

84,617 

5,249 

3,112 

— 

2,137 


1974 

137,665 

36,308 

— 

111,580 

23,378 

88,202 

26,085 

12,930 

— 

13,155 


1975 

79,022 

13,946 

— 

65,076 

42,100 

9,100 

33,000 

36,922 

4,846 

— 

32,076 


1976 

130,069 

26,454 

— 

103,615 

117,007 

21,068 

95,939 

13,062 

5,386 

— 

7,676 


1977 

187,967 

21,201 

— 

166,766 

162,252 

20,410 

141,834 

25,715 

783 

— 

24,932 


1978 

307,065 

24,844 

— 

283,021 

271,887 

20,426 

251,461 

35,978 

4,418 

— 

31,560 


1979 

1980— 

245,314 

20,342 

— 

224,972 

227,072 

18,653 

208,419 

10,242 

1,689 

— 

16,553 


1st qtr. 

67,479 

5,386 

— 

62,093 

56,375 

3,782 

52,593 

11,104 

1,604 

— 

9,500 


2d qtr. 

59,80? 

1,094 

— 

58,708 

53,477 

677 

52,800 

6,325 

417 

— 

5,908 


3d qtr. 

32,084 

1,861 

— 

30,223 

27,547 

1,861 

25,686 

4,537 

— 

— 

4,537 


4th qtr. 

32,022 

3,455 

— 

28,567 

26,589 

3,229 

23,360 

5,433 

226 

— 

5,207 


1980 total 

191,387 

11,796 

— 

179,591 

163,988 

9,549 

154,439 

27,399 

2,247 

— 

25,152 


1981 — 













1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

47,994 

3,781 


44,213 

47,097 

3,279 

43,818 

097 

502 


395 



1981 total 


TO MAINLAND CHINA 


1980 — 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

3,584 

14,357 

69,844 

3,584 

13,101 

53,216 

- 

1,256 

16,628 

3,584 

10,733 

28,954 

3,584 

9,508 

18,792 

1,225 

10,162 

3,624 

40,890 

3,593 

34,424 


31 

6,466 

1980 total 

87,785 

69,901 

— 

17,884 

43,271 

31,884 

11,387 

44,514 

38,017 

— 

6,497 

1981— 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr 

43,381 

23,684 


19,697 

31,378 

16,159 

15,219 

12,003 

7,525 


4,478 


1981 total 


Source— U.S. Department of Commerce. Oregon Customs District includes all Oregon ports and Longview and Vancouver, Washington. Washington Customs 
District includes all coastal and inland ports in the State of Washington, except Longview and Vancouver. Data are compiled from Department of 
Commerce records at the end of each quarter. 
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PORT 







PORT 


YEAR AND 


DOUSLAS- 

ORFORD- 

OTHER 


DOUGLAS- 

OTHER 


DOUGLAS- 

ORFORD- 

OTHER 

QUARTER 

TOTAL 

FIR 

CEDAR 

SOFTWOODS 

TOTAL 

FIR 

SOFTWOODS 

TOTAL 

FIR 

CEDAR 

SOFTWOODS 


TO ALL COUNTRIES 


1970 

280,920 

54,109 

13,611 

213 

,200 

193,476 

37,015 

156,461 

87,444 

17,094 

13. 

,611 

56,739 

1971 

233,304 

49,773 

10,926 

172 

,605 

162,343 

35,141 

127,202 

70,961 

14,632 

10, 

,926 

45,403 

1972 

358,713 

101,467 

12,089 

245 

,157 

252,839 

73,175 

179,664 

105,874 

28,292 

12, 

,089 

65,493 

1973 

694,602 

209,417 

15,451 

469 

,734 

449,902 

120,796 

329,106 

244,700 

88,621 

15, 

,451 

140,628 

1974 

612,521 

194,137 

17,556 

400 

,828 

364,962 

103,586 

271,376 

237,559 

90,551 

17, 

,556 

129,452 

1975 

603,854 

202,377 

16,758 

384 

,759 

376,706 

111,919 

264,787 

227,148 

90,418 

16. 

,758 

119,972 

1976 

775,113 

266,523 

20,086 

488 

,504 

490,246 

141,989 

348,257 

284,867 

124,534 

20, 

,087 

140,247 

1977 

826,698 

311,269 

17,049 

498 

,380 

526,412 

171,541 

354,871 

300,286 

139,728 

17 , 

,049 

143,509 

1978 

992,207 

413,645 

24,923 

553 

,639 

637,818 

212,305 

425,513 

354,389 

201,340 

24, 

,923 

128,126 

1979 

1,408,036 

624,090 

24,419 

831 

,527 

991,513 

331,874 

659,639 

488,523 

292,216 

24, 

,419 

171,188 

1980 — 














1st qtr. 

425,175 

192,752 

5,368 

227, 

,055 

276,019 

97,683 

178,336 

149,156 

95,069 

5, 

,368 

48,719 

2d qtr. 

407,304 

186,597 

5,857 

214, 

,850 

273,041 

96,761 

176,280 

134,263 

89,836 

5, 

,857 

38,570 

3d qtr. 

246,182 

130,256 

2,800 

113, 

,126 

149,637 

63,905 

85,732 

96,545 

66,351 

2, 

,800 

27,394 

4th qtr. 

230,197 

125,293 

2,571 

102, 

,333 

136,827 

59,395 

77,432 

93,370 

65,898 

2, 

,571 

24,901 


1980 total 1,308,858 
1981 — 

1st qtr. 233,027 
2d qtr, 

3d qtr. 

4th qtr. 


634,898 16,596 

118,446 8,15 8 


657,364 835,524 

106,423 144,701 


317,744 517,780 

60,167 84,534 


473,334 317,154 
88,326 58,279 


16,596 139,584 

8,158 21,889 


1981 total 


TO JAPAN 


1970 

273,988 

52,051 

13,608 

208,329 

187,237 

35,294 

151,943 

86,751 

16,757 

13,608 

56,386 

1971 

219,543 

46,966 

10,926 

161,651 

149,120 

32,756 

116,364 

70,423 

14,210 

10,926 

45,287 

1972 

335,703 

94,210 

12,089 

229,404 

231,593 

66,000 

164,793 

104,110 

27,410 

12,089 

64,611 

1973 

664,363 

201,944 

15,451 

446,968 

422,715 

115,022 

307,693 

241,648 

86,922 

15,451 

139,275 

1974 

569,494 

177,961 

17,500 

374,033 

338,296 

90,400 

247,896 

231,190 

87,561 

17,500 

126,137 

1975 

560,754 

195,469 

16,758 

348,527 

341,885 

107,149 

234,736 

218,869 

08,320 

16,758 

113,791 

1976 

734,412 

256,673 

17,918 

459,821 

457,248 

134,094 

322,354 

277,164 

121,779 

17,918 

137,467 

1977 

776,630 

303,240 

17,049 

456,333 

484,006 

164,626 

319,380 

292,624 

138,622 

17,049 

136,953 

1978 

908,627 

404,134 

22,763 

481,730 

566,494 

204,832 

361,662 

342,133 

199,302 

22,763 

120,060 

1979 

1,387,602 

612,160 

22,271 

753,171 

910,338 

323,034 

587,304 

477,264 

289,126 

22,271 

165,867 

I960 — 












1st qtr. 

398,458 

189,888 

5,368 

203,202 

254,399 

96,324 

150,075 

144,059 

93,564 

5,368 

45,127 

2d qtr. 

379,364 

182,562 

5,857 

190,945 

248,492 

94,003 

154,489 

130,072 

00,559 

5,857 

36,456 

3d qtr. 

225,699 

122,119 

2,800 

100,780 

132,636 

57,754 

74,802 

93,063 

64,365 

2,800 

25,890 

4th qtr. 

187,354 

98,915 

2,571 

85,868 

114,842 

49,278 

65,564 

72,512 

49,637 

2,571 

20,304 

1980 total 

1,190,875 

593,484 

16,596 

580,795 

750,369 

297,359 

453,010 

440,506 

296,125 

16,596 

127,785 

1981 — 












1st qtr. 

197,679 

106,012 

8,158 

83,509 

115,580 

51,466 

64,114 

82,099 

54,546 

8,158 

19,395 


2d qtr. 
3d qtr. 
4th qtr, 


1981 total 


PORT PORT 


YEAR AND 
QUARTER 

TOTAL 

DOUGLAS- 

FIR 

0RF0RD- 

CEDAR 

OTHER 

SOFTWOODS 

TOTAL 

DOUGLAS- 

FIR 

OTHER 

SOFTWOODS 

TOTAL 

D0UGLA5- 

FIR 

ORFORD- 

CEDAR 

OTHER 

SOFTWOODS 






TO 

CANADA 






1970 

2,023 

863 


1,160 

2,023 

863 

1,160 





1971 

4,092 

1,240 

— 

3,652 

4,892 

1,240 

3,652 









1972 

14,041 

2,984 

— 

11,057 

13,349 

2,984 

10,365 

692 





692 

1973 

9,593 

2,900 

— 

6,693 

9,593 

2,900 

6,693 








1974 

13,821 

8,239 

— 

5,582 

13,821 

8,239 

5,582 









1975 

8,313 

2,937 

— 

5,376 

8,313 

2,937 

5,376 









1976 

7,908 

2,733 

— 

5,175 

7,908 

2,733 

5,175 









1977 

3,545 

2,154 

— 

1,391 

3,545 

2,154 

1,391 









1978 

2,933 

7,223 

2,129 

— 

804 

2,933 

2,129 

804 









1979 

1980 — 

2,435 

— 

4,788 

7,223 

2,435 

4,788 

— 

— 

— 

— 

1st qtr. 

44 

22 

— 

22 

44 

22 

22 









2d qtr. 

77 

23 

— 

54 

77 

23 

54 









3d qtr. 

SB 

20 

— 

68 

88 

20 

68 









4th qtr. 

114 

68 

— 

46 

114 

68 

46 

— 

— 

— 

— 

1980 total 

323 

133 

— 

190 

323 

133 

190 

— 

— 

— 

— 

1981— 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

253 

107 


146 

253 

107 

146 






1981 total 


TO SOUTH KOREA 


1970 

3,659 

559 

— 

3,100 

3,174 

416 

2,758 

485 

143 



342 

1971 

7,950 

728 

— 

7,222 

7,863 

728 

7,135 

87 



— 

07 

1972 

5,094 

469 

— 

4,625 

4,939 

469 

4,470 

155 

— 

— 

155 

1973 

18,506 

3,468 

— 

15,038 

17,290 

2,725 

14,565 

1,216 

743 

— 

473 

1974 

28,225 

14,757 

7,303 

— 

20,922 

22,552 

4,714 

17,830 

5,673 

2,589 

— 

3,084 

1975 

2,688 

— 

12,069 

7,912 

1,648 

6,264 

6,845 

1,040 

— 

5,805 

1976 

27,546 

5,664 

— 

21,882 

24,400 

4,350 

20,050 

3,146 

1,315 

— 

1,831 

1977 

44,949 

4,811 



40,138 

38,738 

4,67? 

34,066 

6,211 

139 

— 

6,072 

1978 

76,839 

6,392 

— 

70,447 

67,974 

5,333 

62,641 

8,865 

1,059 

— 

7,806 

1979 

80,173 

6,982 

— 

73,191 

73,751 

6,378 

67,373 

6,422 

604 

— 

5,818 

1980 — 

1st qtr. 

25,471 

1,903 


23,568 

21,448 

1,306 

20,142 

4,023 

597 


3,426 

2d qtr. 

23,687 

330 

— 

23,357 

21,421 

178 

21,243 

2,266 

152 

— 

2,114 

3d qtr. 

11,590 

617 

— 

10,973 

10,237 

617 

9,620 

1,353 

— 

— 

1,353 

4th qtr. 

10,927 

1,266 

— 

9,661 

9,002 

1,178 

7,824 

1,925 

88 

— 

1,837 


1980 total 

71,675 

4,116 

67,559 

62,108 

3,279 

58,829 

9,567 

837 

8,730 

1981 — 

1st qtr. 

16,024 

1,276 

14,748 

15,720 

1,108 

14,612 

304 

168 

136 


2d qtr, 
3d qtr. 
4th qtr, 


1981 total 


TO MAINLAND CHINA 


1900 — 


1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

2,553 

8,153 

30,727 

2,553 

7,456 

24,276 

— 

697 

6,451 

2,553 

6,202 

12,571 

2,553 

5,514 

8,625 

688 

3,946 

1,951 

18,156 

1,942 

15,651 

- 

9 

2,505 

1980 total 

41,433 

34,285 

-- 

7,148 

21,326 

16,692 

4,634 

20,107 

17,593 

- 

2,514 

'1981— 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

17,796 

1,040 


7,392 

12,594 

6,991 

5,603 

5,202 

3,413 


1,789 


1981 total 


Source— U.S, Department, of Commerce. The valuation definition used in the export statistics is the value at the seaport or border port of expor- 
tation. It is based on the selling price (or cost if not sold) and includes Inland freight, insurance, and other charges to the port of 
exportation. Oregon Customs District includes all Oregon ports and Longview and Vancouver, Washington. Washington Customs District includes all 
coastal andinland ports in the State of Washington, except Longview and Vancouver. Data are compiled from Department of Commerce records at the 
end of each quarter. 
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YEAR AND 
QUARTER 

ALL 

SPECIES 

DOUGLAS- 

FIR 

PORT 

ORFORD- 

CEDAR 

OTHER 

SOFTWOODS 

ALL 

SPECIES 

DOUGLAS- 

FIR 

OTHER 

SOFTWOODS 

ALL 

SPECIES 

DOUGLAS- 

FIR 

PORT 

ORFORD- 

CEDAR 

OTHER 

SOFTWOODS 






TO ALL COUNTRIES 






1970 

126.76 

119.54 

329.88 

123.80 

122.52 

120.00 

123.13 

137.29 

118.55 

329.88 

125.67 

1971 

126.99 

119.52 

317.70 

124.51 

123.00 

119.35 

124.05 

137.16 

119.91 

317.70 

125.79 

1972 

136.02 

132.21 

327.56 

133.76 

132.57 

129.17 

134.00 

145.05 

140.75 

327.56 

133.12 

1973 

263.19 

242.25 

736.97 

267.84 

245.41 

217.52 

257.52 

303.63 

286.66 

736.97 

295.56 

1974 

279.77 

271.33 

1,004.29 

275.22 

263.40 

255.84 

266.40 

310.21 

291.51 

1,004.29 

295.76 

1975 

271.34 

264.20 

687.90 

268.07 

263.91 

255.94 

267.43 

284.61 

275.20 

687.90 

269.49 

1976 

283.19 

281.84 

755.83 

276.80 

273.43 

268.98 

275.29 

301.73 

298.10 

755.83 

280.61 

1977 

323.48 

321.97 

1*019.62 

317.01 

314.30 

308.29 

317.26 

340.94 

340.51 

1,019.62 

316.32 

1978 

348.46 

363.08 

1,017.56 

328.84 

332.89 

342.70 

328.21 

380.48 

387.37 

1,017.56 

330.94 

1979 

1980— 

435.43 

476.70 

1,076.06 

437.24 

440.68 

453.14 

434.67 

496.62 

506.62 

1,076.06 

445.56 

1st qtr. 

513.66 

521.08 

1,560.44 

499.69 

503.84 

505.57 

502.90 

532.87 

538.04 

1,560.44 

488.30 

2d qtr. 

513.08 

520.40 

1,245.03 

498.99 

505.78 

510.48 

503.24 

528.60 

531.54 

1,245.03 

480.43 

3d qtr. 

484.00 

489.71 

1,245.05 

470.56 

483.41 

483.14 

483.62 

484.91 

496.21 

1,245.05 

433.90 

4th qtr. 

458.93 

467.95 

1,348.42 

441.20 

453.18 

456.75 

450.48 

467.62 

478.52 

1,348.42 

414.65 

1980 average 

497.32 

503.00 

1,349.27 

484.32 

491.73 

492.57 

491.22 

507.50 

513.91 

1,349.27 

460.31 

1981— 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

448.80 

471.83 

1,481.97 

405.14 

434.07 

469.18 

412.11 

475.22 

474.59 

1,481.97 

380.28 


1961 average 


TO JAPAN 


1970 

127.77 

120.87 

329.86 

124.57 

123.61 

121.64 

124.00 

137.78 

119.29 

329.86 

125.89 

1971 

128.36 

120.12 

317.70 

125.81 

124.58 

120.53 

125.77 

137.20 

119.19 

317.70 

125.91 

1972 

140.39 

136.08 

327.56 

138.03 

137.95 

134.62 

139.34 

146.16 

139.77 

327.56 

134.80 

1973 

270.56 

245.63 

736.97 

277.21 

254.16 

221.04 

269.24 

305.00 

208.03 

736.97 

296.63 

1974 

288.27 

278.84 

1,009.12 

283.36 

273.34 

264.41 

276.74 

313.31 

295.48 

1,009.12 

297.32 

1975 

278.39 

266.94 

687.90 

277.13 

272.24 

260.88 

277.76 

288.58 

274,60 

687.90 

275.84 

1976 

288,34 

284.59 

729.17 

283.74 

281.72 

274.48 

284.86 

299.97 

296.69 

729.17 

281.15 

1977 

330.72 

324.74 

1,019.62 

326.47 

323.40 

312.03 

329.13 

343.50 

340.13 

1,019.62 

320.42 

1978 

360.30 

366.21 

997.76 

345.20 

347.49 

347.38 

347.55 

383.71 

387.82 

997.76 

338.30 

1979 

1980 — 

468.83 

478.56 

1,080.54 

453.73 

455.55 

457.61 

454.43 

496.42 

504.36 

1,080.54 

451.28 

1st qtr. 

525.34 

523.03 

1,560.44 

518.40 

517.96 

508.86 

523.66 

538.92 

538.47 

1,560,44 

500.79 

2d qtr. 

521.16 

517.83 

1,245.03 

515. 13R 

516.04R 

507.48 

521.39 

531.15 

529.30 

1,245.03 

490.17 

3d qtr. 

489.67 

486.80 

1,245.05 

484.96 

490.58 

477.93 

500.80 

488.39 

495.05 

1,245.05 

444.33 

4th qtr. 

471.92 

473.40 

1,348,42 

461.28 

467.91 

459.53 

474.42 

478.40 

408.02 

1,348.42 

423.41 

1980 average 

507,98 

504.92 

1,349.27 

502.15 

504.11 

493.35 

511.36 

514.71 

516.98 

1,349.27 

472.01 

1981 — 












1st qtr. 

2d qtr. 

3d qtr, 

4th qtr. 

466.87 

478.10 

1,481.97 

425.69 

457.01 

479.40 

440.49 

481.50 

476.89 

1,481.97 

383.13 


1981 average 
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YEAR AND 

QUARTER 

ALL 

SPECIES 

DOUGLAS- 

FIR 

PORT 

0RF0RD- 

CEDAR 

OTHER 

SOFTWOODS 

ALL 

SPECIES 

DOUGLAS- 

FIR 

OTHER 

SOFTWOODS 

ALL 

SPECIES 

DOUGLAS- 

FIR 

PORT 

0RF0RD- 

CEDAR 

OTHER 

SOFTWOODS ! 






TO CANADA 






1970 

72.26 

77.23 

„ 

68.96 

72.26 

77.23 

68.96 





1971 

87.80 

100.55 

— 

84.18 

87.80 

100.55 

84.18 









1972 

82.31 

68.93 

— 

86.86 

83.77 

68.93 

80.30 

61.66 





61.66 

1973 

132.94 

130.26 

— 

134.14 

132.94 

130.26 

134.14 









1974 

187.62 

210.93 

— 

161.31 

107.62 

210.93 

161.31 









1975 

142.09 

174.89 

— 

128.88 

142.09 

174.89 

128.88 







i 

1976 

163.76 

184.62 

— 

154.54 

163.76 

184.62 

154.54 








1977 

225.82 

226.00 

— 

225.56 

225.82 

226.00 

225.56 






II 1 

1978 

232.08 

227.43 

— 

245.35 

232.08 

227.43 

245.35 








1979 

1980 — 

299.41 

314.72 

— 

292.78 

299.41 

314.72 

292.18 

— 

— 

-- 

— 

1st qtr. 

289,39 

290.00 

— 

288.78 

289.39 

290.00 

288,78 









2d qtr. 

313.79 

476.61 

— 

273.49 

319.79 

476.61 

273.49 









3d qtr. 

334.95 

333.44 

— 

335.40 

334.95 

333.44 

335.40 

— 







4th qtr. 

356.11 

329.61 

— 

404.89 

356.11 

329.61 

404.89 

— 

-- 

— 


1980 average 

327.92 

336.71 

— 

322,03 

327.92 

336.71 

322.03 

— 

— 

— 

— 

1981— U 

1st qtr. 

398.65 

446.78 

— 

369.52 

398.65 

446.78 

369.52 

— 

— 

— 

-- 


2d qtr. 
3d qtr. 
4th qtr, 


1981 average 


TO SOUTH KOREA 


1970 

113.14 

108.63 



113.99 

118.27 

132.53 

116.38 

88.08 

71.18 



97.77 

1971 

124.70 

115.00 

— 

125.77 

125.30 

115.00 

126.46 

87.00 

— 

— 

87.00 

1972 

107.12 

106.10 

— 

107.22 

106.66 

106.10 

106.72 

124.00 

— 

— 

124.00 

1973 

181.54 

228.47 

— 

173.34 

170.83 

225.09 

172.12 

231.52 

230.47 

— 

221.40 

1974 

205.03 

201.12 

— 

206.43 

202.12 

201.6? 

202.26 

217.47 

200.23 

— 

234.41 

1975 

186.74 

192.74 

— 

185.46 

187.93 

181.10 

189.8? 

105.39 

214.61 

— 

180.90 

1976 

211.78 

214.11 

— 

211.19 

208.53 

206.47 

208.93 

240.77 

244.77 

— 

730.54 

1977 

239.13 

226.92 

— 

240.68 

238.75 

228.82 

240.18 

241.53 

177.52 

— 

243.54 

1978 

249.59 

257.20 

— 

249.02 

250.01 

261.09 

249.11 

246.40 

239.70 

— 

247.34 

1979 

1900 — 

326.82 

343.23 

— 

325.33 

324 . 79 

341.93 

323.26 

352.05 

357.61 

— 

351 .48 

1st qtr. 

377.47 

353.28 

— 

379.57 

380.46 

345.26 

382.99 

362.32 

372.19 

— 

360.66 

2d qtr. 

396.10 

302.01 

— 

397.86 

400.57 

263.2? 

402.33 

350.31 

365.00 

— 

357.04 

3d qtr. 

361.23 

331.55 

— 

363.06 

371.61 

331.55 

374.51 

298.22 

— 

— 

298.22 

4th qtr. 

341.23 

366.48 

— 

338.18 

338.57 

364.77 

334.94 

354.27 

390.86 

— 

352.69 

1980 average 

374.50 

348.93 

~ 

376.18 

378.74 

343,39 

380.92 

349.17 

372.50 

— 

347.09 

1901 — 












1st qtr. 

333.88 

337.43 

— 

333.57 

333.78 

337.80 

333.48 

339.09 

334.98 

— 

344.30 


2d qtr. 
3d qtr. 
4th qtr 


1981 average 


TO MAINLAND CHINA 


1980- 


1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

712.46 

567.93 

439.95 

712.46 

569.15 

456.18 

- 

555.29 

388.00 

717.46 

577.87 

434.19 

712.46 

579.94 

458.97 

561.79 

388.35 

538.53 

444.02 

540.60 

454.65 

— 

290.45 

387.44 

1980 average 

471.98 

490.48 

-- 

399.69 

492.85 

523.52 

406.96 

451.70 

462.77 

— 

386.95 

1981 — 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

410.23 

439.28 


375.30 

401,37 

432.62 

368.19 

433.40 

453.59 


399.46 

3981 average 













Source— U.S. Department of Commerce. The valuation definition used in the export statistics is the value at the seaport or border port of exportation. 
It is based on the selling price (or cost If not sold) and Includes inland freight. Insurance, and other charges to the port of exportation. Oregon 
Customs District Includes all Oregon ports and Longview and Vancouver, Washington. Washington Customs District includes all coastal and inland ports 
in the State of Washington, except Longview and Vancouver, Data are compiled from Department of Commerce records at the end of each quarter. 
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YEAR AND 
QUARTER 


TOTAL 


DOUGLAS-FIR 


PORT-ORFORD- 

CEDAR 


OTHER 

SOFTWOODS 


TO ALL COUNTRIES 


1970 

192,083 

32,531 

2,894 

156,658 

1971 

102,408 

27,032 

2,182 

73,194 

1972 

77,459 

18,337 

3,418 

55,704 

1973 

104,733 

34,454 

4,065 

66,214 

1974 

77,735 

35,146 

8,823 

33,766 

1975 

86,943 

52,547 

2,483 

31,913 

1976 

109,812 

73,924 

2,508 

33,380 

1977 

70,902 

38,302 

2,331 

30,269 

1978 

72,650 

49,024 

2,880 

20,746 

1979 

65,492 

37,551 

1,611 

26,330 

1980- 





1st quarter 

6,517 

3,174 

— 

3,343 

2d quarter 

2,506 

— 

— 

2,506 

3d quarter 

13,230 

2,492 

— 

10,738 

4th quarter 

9,419 

1,621 

653 

7,145 

1980 total 

31,672 

7,287 

653 

23,732 

1981 — 





1st quarter 

10,123 

1,026 

360 

8,737 

2d quarter 





3d quarter 





4th quarter 






1981 total 


TO JAPAN 


1970 

175,217 

29,965 

2,894 

142,358 

1971 

93,281 

26,712 

2,182 

64,387 

1972 

68,830 

15,914 

3,418 

49,498 

1973 

94,520 

29,261 

4,065 

61,194 

1974 

69,271 

32,485 

8,823 

27,963 

1975 

78,813 

48,188 

2,483 

28,142 

1976 

96,485 

69,395 

2,853 

24,237 

1977 

57,815 

37,765 

2,331 

17,719 

1978 

58,760 

48,653 

1,757 

8,350 

1979 

1980 — 

57,938 

37,411 

1,611 

18,916 

1st quarter 

6,517 

3,174 

— 

3,343 

2d quarter 

402 

— 

— 

40? 

3d quarter 

13,194 

2,492 

— 

10,702 

4th quarter 

7,067 

1,389 

653 

5,025 

1980 total 

27,180 

7,055 

653 

19,472 

1981 — 





1st quarter 

2d quarter 

3d quarter 

4th quarter 

10,105 

1,020 

360 

8,725 


1981 total 


Source — U.S. Department of Commerce. Data are compiled from Department of Commerce 
records at the end of each quarter. 

^Northern California consists of the San Francisco Customs District and includes 
Monterey, California, and all ports north of Monterey. 
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YEAR AND 

QUARTER 

ABERDEEN 

ANACORTES, 

BELLINGHAM 

EVERETT 

LONGVIEW 

OLYMPIA 

PORT 

ANGELES 

TACOMA 

NORTHEASTERN 

WASHINGTON 

OTHER 

TOTAL 

1970 

335.6 

66.0 

274.8 

153.3 

210.6 

242.9 

356.4 


79.5 

1,739.1 

1971 

297.5 

104.5 

221.4 

125.7 

120.1 

212.9 

323.1 



41.0 

1,446.2 

1972 

525.1 

100.9 

268.9 

221.3 

144.6 

285.6 

517.4 

.2 

45.8 

2,109.8 

1973 

491.5 

84.5 

250.4 

328.7 

86.9 

306.0 

511.1 

0 

54.6 

2,113.7 

1974 

396.2 

49,2 

217.7 

300.2 

61.5 

273.5 

383.0 



48.4 

1,729.7 

1975 

366.8 

32.2 

230.0 

261.3 

48.6 

284.7 

469.2 



32.9 

1,725.7 

1976 

502.1 

30.5 

277.2 

397.4 

7.5 

324.5 

623.7 

0 

28.5 

2,191.4 

1977 

402.1 

42.1 

237.7 

328.2 

68.7 

304.6 

607.6 



12.0 

2,003.0 

1978 

512.2 

41.1 

321.8 

325.8 

87.1 

387.2 

559.7 



7.0 

2,241.0 

1979 

1980— 

648.7 

50.9 

332.8 

366.1 

101.0 

505.0 

601.7 

— 

9.9 

2,616.1 

1st quarter 

144.3 

9.8 

99.7 

131.2 

27.5 

102.2 

163.5 

0 

.8 

679.0 

2d quarter 

159.5 

13.3 

81.0 

96.4 

30.3 

105.3 

150.0 

0 

.5 

636.3 

3d quarter 

88.7 

6.0 

52.7 

83.7 

15.2 

50.3 

95.6 

0 

1.0 

393.2 

4th quarter 

105.7 

8.9 

53.9 

75.7 

7.2 

37.3 

88.0 

.1 

.8 

377.6 

1980 total 

498.2 

38.0 

287.3 

387.0 

80.2 

295.1 

497.1 

.1 

3.1 

2,086.1 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

109.6 

7.6 

66.1 

61.6 

14.7 

44.5 

90.1 

.1 

.7 

395.0 


1981 total 


STATE OF OREGON 1 NORTHERN CALIFORNIA 


YEAR AND 

QUARTER 

ASTORIA 

COOS BAY 

PORTLAND 

OTHER 

TOTAL 

EUREKA 

REDWOOD 

CITY 

SACRAMENTO 

STOCKTON 

OTHER 

TOTAL 

1970 

219.1 

114.1 

143.9 


477.1 

93.6 

4.6 

73.1 

2.9 

17.9 

192.1 

1971 

194.1 

84.2 

112.7 

— 

391.0 

65.9 

1.2 

35.3 

— 

0 

102.4 

1972 

262.6 

121.0 

115.5 

9.4 

508.5 

51.9 

— 

2.8 

19.4 

.9 

75,0 

1973 

147.1 

155.5 

159.0 

21.3 

483.7 

79.6 

0 

16.2 

0.7 

.2 

140.7 

1974 

159.0 

128.1 

139.0 

24.8 

451.7 

67.5 

0 

9.8 

3.8 

.2 

81.3 

1975 

245,7 

134.1 

137.5 

44.5 

561.8 

66.6 

0 

19.9 

0 

1.4 

87.9 

1976 

273.3 

144.6 

99.5 

28.0 

545.4 

83.7 

0 

26.1 

0 

— 

21.2 

1977 

210.2 

120.1 

207.0 

15.4 

552.7 

39.2 

0 

25.5 

0 

6.3 

71.0 

1978 

168.4 

145.1 

277.0 

15.0 

605.5 

46.1 

0 

18.4 

— 

8.2 

72.7 

1979 

150.1 

128.2 

322.0 

17.2 

617.5 

43.0 

0 

6.0 

0 

16.5 

65.6 

1980 — 

1st quarter 

49.9 

43.8 

55.0 

0 

148.7 

3.3 

0 

0 

.5 

2.7 

6.5 

2d quarter 

28.9 

36.6 

92.1 

0 

157.6 

2.3 

0 

0 

0 

.2 

2.5 

3d quarter 

26.4 

25.3 

63.7 

0 

115.4 

4.4 


0 

0 

0.8 

13.2 

4th quarter 

29.5 

29.5 

65.0 

0 

124.0 

4.9 

0 

3.9 

0 

.6 

9.4 

1980 total 

134,7 

135.2 

275.8 

0 

545.7 

14.9 

0 

3.9 

.5 

12.3 

31.6 

1981— 

1st quarter 

17.1 

30.1 

77. 0 

0 

124.2 

0 

0 

9.7 

0 

.4 

10.1 


2d quarter 
3d quarter 
4th quarter 


1901 total 


Source — U.S. Department of Commerce. Data are compiled from Department of Commerce records at the end of each quarter. 

!$tate totals as presented here for Washington and Oregon do not agree with those found in table 8 because customs districts as used In 
table 8 do not correspond to State boundaries. 
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YEAR AND 

QUARTER 

ABERDEEN 

ANACORTES, 

BELLINGHAM 

EVERETT 

LONGVIEW 

OLYMPIA 

PORT 

ANGELES 

TACOMA 

NORTHEASTERN 

WASHINGTON 

OTHER 

AVERAGE 

1970 

123.34 

126.47 

132.64 

121.51 

119.33 

118.50 

118.44 



120.18 

122.46 

1971 

128.46 

124.42 

125.73 

126.51 

127.76 

120.37 

116.15 

— 

118.62 

123.30 

1972 

134.28 

128.21 

129.47 

144.02 

146.76 

129.52 

131.82 

146.73 

123.50 

133.86 

1973 

264,23 

211.35 

258.69 

288.82 

284.15 

215.32 

262.90 

0 

229.45 

257.80 

1974 

266.16 

261.07 

257.85 

292.13 

282.38 

246.79 

274.24 

— 

262.10 

268.58 

1975 

256.17 

297.84 

273.29 

280.90 

273.90 

253.46 

266.63 

— 

279.01 

266.30 

1976 

269.90 

293.96 

207.08 

302.53 

302.53 

261.25 

277.21 

0 

252.97 

277.26 

1977 

311.97 

296.28 

309.82 

336.01 

331.68 

294.59 

327.76 

— 

263.80 

317.86 

1978 

332.92 

295.77 

334.87 

379.57 

347.93 

319.97 

340.91 

— 

344.67 

339.68 

1979 

1980 — 

452.52 

376.18 

455.44 

518.19 

499.12 

424.46 

428.19 

— 

492.38 

451.64 

1st quarter 

486.07 

436.80 

484,36 

534,24 

508.39 

487.89 

544.33 

0 

570.37 

509.72 

2d quarter 

504.79 

415.50 

493.89 

515.32 

528.19 

486.42 

530.12 

0 

562.24 

507.23 

3d quarter 

510.11 

464.31 

465.28 

469.80 

484.09 

467.55 

504.75 

0 

509.61 

487.26 

4th quarter 

458.69 

354.40 

430.62 

488.23 

501.15 

394.43 

491.70 

280.95 

435.37 

460.20 

1980 average 

490.53 

414.44 

473.47 

506.59 

510.63 

472.08 

523.11 

280.95 

538.84 

495.76 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

408.10 

432.05 

417.82 

469.31 

514.43 

381.89 

490.67 

307.74 

405.07 

439.57 


1981 average 


STATE OF OREGON 1 NORTHERN CALIFORNIA 


YEAR AND REDWOOD 


QUARTER 

ASTORIA 

COOS BAY 

PORTLAND 

OTHER 

AVERAGE 

EUREKA 

CITY 

SACRAMENTO 

STOCKTON 

OTHER 

AVERAGE 

1970 

121. 

,59 

199.34 

128. 

,71 


142.46 

111.22 

90.00 

114.04 

96.95 

92, 

.28 

109,81 

1971 

117. 

.61 

212.89 

126. 

33 

— 

140.64 

107.55 

126.58 

110.37 

— 

0 


108.76 

1972 

127, 

.03 

194.93 

144, 

,27 

140.31 

147.35 

129.24 

— 

189.29 

179.64 

129, 

.17 

144.52 

1973 

321, 

.16 

348.95 

289. 

,64 

257.16 

316.88 

219.99 

0 

226.77 

296.78 

363, 

.54 

227.72 

1974 

300, 

.21 

363.95 

302. 

,18 

291.33 

318.41 

295.56 

0 

317.05 

328. 1G 

252, 

.62 

299.55 

1975 

236. 

.89 

349.97 

316. 

,25 

271.48 

286.03 

256.07 

0 

368.11 

0 

452. 

,10 

284.62 

1976 

267, 

.63 

372.46 

337. 

,44 

253.76 

307.45 

292.15 

0 

367.73 

0 


— 

312.31 

1977 

338, 

.29 

409,01 

328. 

,22 

318.00 

349.32 

333.34 

0 

337.06 

0 

338. 

.45 

335.14 

1978 

325, 

.32 

512.44 

366, 

,77 

330,78 

389.23 

353.99 

0 

362. 18 



372, 

,07 

358.09 

1979 

461, 

.34 

592.98 

455. 

,51 

381.59 

483.38 

336.29 

0 

393.19 

— 

447, 

,04 

369.65 

1980 — 















1st quarter 

477. 

.16 

631.94 

501, 

.19 

0 

531.66 

439.82 

0 

0 

379.65 

495. 

,42 

458.30 

2d quarter 

521, 

.89 

631.10 

503, 

.85 

0 

536.72 

531.32 

0 

0 

0 

895, 

.65 

554.48 

3d quarter 

405, 

.84 

590.80 

495, 

.56 

0 

495.07 

397.75 

0 

0 

0 

535, 

,94 

489.40 

4th quarter 

386, 

.99 

540.59 

447, 

.85 

0 

455.45 

505.15 

0 

485.28 

0 

608. 

.07 

503.48 

1980 average 

1981 — 

1st quarter 

452, 

.99 

604.08 

488 

.22 

0 

508.23 

462.98 

0 

485.28 

379.65 

535. 

.17 

492.37 

356, 

.89 

683.24 

426 

.13 

0 

479.01 

0 

0 

521.81 

0 

986, 

.26 

539.15 


2d quarter 
3d quarter 
4th quarter 


1981 average 


Source — U.5. Department of Commerce. Data are compiled from Department of Commerce 

istate averages as presented here for Washington and Oregon do not agree with those 
10 do not correspond to State boundaries. 


records at the end of each quarter. 

found in table 10 because customs districts as used in table 
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YEAR AND 
QUARTER 


VOLUME 


AVERAGE 

VALUE 


TO ALL COUNTRIES 

1970 

51,531 

125.58 

1971 

42,600 

116.54 

1972 

65,837 

125.88 

1973 

71,719 

248.23 

1974 

34,949 

240.82 

1975 

29,011 

307.97 

1976 

26,197 

224.59 

1977 

52,377 

263.54 

1978 

68,025 

320.45 

1979 

1980— 

128,597 

470.97 

1st quarter 

26,021 

475.33 

2d quarter 

44,334 

501.91 

3d quarter 

58,369 

537.30 

4th quarter 

31,799 

613.44 

1980 total and 



average value 

160,523 

532.56 

1981— 



1st quarter 

2d quarter 

3d quarter 

4th quarter 

25,305 

584.21 

1981 total and 



average value 



TO JAPAN 

1970 

47,583 

129.67 

1971 

38,948 

120.94 

1972 

61,882 

129.99 

1973 

71,705 

248.24 

1974 

29,088 

252.71 

1975 

24,311 

352.29 

1976 

20,741 

253.18 

1977 

46,897 

278.99 

1978 

57,653 

343.49 

1979 

1980— 

120,753 

475.21 

1st quarter 

25,223 

472.33 

2d quarter 

42,239 

612.10 

3d quarter 

57,670 

535.22 

4th quarter 

31,135 

607.49 

1980 total and 



average value 

156,275 

533.2? 

1981— 



1st quarter 

2d quarter 

3d quarter 

4th quarter 

24,979 

507,25 

1981 total and 



average value 



TO MAINLAND CHINA 

1981— 



1st quarter 

2d quarter 

3d quarter 

4th quarter 

163 

351.39 

1981 total and 



average value 




Source— U.S. Department of Commerce. The valuation definition used in 
the export statistics is the value at the seaport or border port of 
exportation. It is based on tne selling price (or cost if not sold) 
and Includes inland freight* insurance, anu other charges to the port 
of exportation. Data are compiled from Department of Commerce records 
at tne end of each quarter. 
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TO ALL COUNTRIES 


1970 

2,052 

921,655 

98 

78,348 

0 


2,353 

2,973,898 

1971 

786 

681,962 

192 

245,213 

0 

— 

1,275 

1,643,951 

1972 

2,999 

882,806 

68 

133,979 

0 

— 

1,320 

2,015,855 

1973 

1,812 

1,351,759 

36 

57,747 

0 

— 

1,084 

2,330,761 

1974 

633 

1,121,192 

45 

95,342 

0 



560 

1,515,476 

1975 

1,599 

637,455 

73 

103,519 

0 

— 

3,911 

780,853 

1976 

3,750 

1,646,97? 

236 

136,188 

0 

— 

659 

1,239,777 

1977 

2,735 

2,117,386 

189 

87,839 

0 

— 

1,396 

2,751,996 

1978 

2,362 

2,190,449 

75 

91,486 

11 

19,250 

1,772 

4,088,466 

1979 

1980— 

2,597 

2,216,256 

341 

420,741 

138 

253,716 

1,272 

3,049,981 

1st quarter 

2,918 

1,336,275 

327 

94,704 

28 

7,000 

249 

757,307 

2d quarter 

1,914 

1,173,664 

909 

351,476 

78 

23,200 

390 

800,759 

3d quarter 

1,194 

1,494,39 7 

142 

66,189 

74 

10,000 

52 

101,932 

4th quarter 

800 

1,149,375 

648 

252,142 

6 

4,760 

209 

592,963 

1980 total 

6,826 

5,153,711 

2,026 

764,511 

186 

44,960 

900 

2,260,961 

1981 — 









1st quarter 

2d quarter 

3d quarter 

4th quarter 

1,250 

969,546 

122 

162,848 

0 


404 

834,877 


1981 total 


TO JAPAN 


1970 

1 , 

,672 

889,649 

96 

75,855 

0 

— 

2,296 

2,935,506 

1971 


762 

669,251 

192 

245,213 

0 

— 

1,222 

1,588,353 

1972 

L 

,374 

727,475 

64 

130,080 

0 

— 

1,126 

1,761,797 

1973 


993 

1,164,704 

34 

56,042 

0 

— 

1,015 

2,250,213 

1974 


540 

1,063,245 

37 

84,293 

0 

— 

485 

1,093,502 

1975 

1, 

,210 

562,583 

14 

9,039 

0 

— 

3,803 

636,796 

1976 

3. 

,313 

1,416,317 

235 

134,980 

0 

— 

456 

1 ,005,649 

1977 

L 

,444 

1,179,616 

17 

33,347 

0 

— 

1,063 

2,300,667 

1978 

1, 

,178 

819,332 

57 

84,025 

0 

— 

1,248 

3,059,204 

1979 

1 

,824 

1,153,644 

300 

359,119 

74 

188,389 

1,059 

2,339,009 

1980 — 










1st quarter 

2, 

,714 

826,696 

316 

87,867 

28 

7,000 

182 

602,583 

2d quarter 

1 

,552 

749,394 

906 

344,457 

78 

23,200 

206 

468,706 

3d quarter 


149 

113,210 

134 

57,889 

74 

10,000 

51 

100,732 

4th quarter 


371 

279,945 

608 

236,678 

2 

2,000 

140 

360,475 

1980 total 

4 

,786 

1,969,245 

1,964 

726,091 

182 

42,200 

579 

1,532,496 

1981 — 










1st quarter 


287 

393,303 

117 

146,848 

0 


224 

574,714 


2d quarter 
3d quarter 
4th quarter 


1981 total 


TO MAINLAND CHINA 


1980- 


1st quarter 

2d quarter 

3d quarter 

4th quarter 

6 

2,800 

- 

~ 

-- 

- 

- 

— 

1980 total 

6 

2,800 

— 

— 


— 

— 

— 

1981 — 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

0 


0 


0 


0 


1981 total 










Source — U.S. Department of Commerce. The valuation definition used in the export statistics is the value at 
the seaport or border port of exportation. It is based on the selling price (or cost if not sold) and 
includes inland freight, insurance, and other charges to the port of exportation. Data are compiled from 
Department of Commerce records at the end of each quarter. Washington Customs District includes all coastal 
and inland ports in the State of Washington, except Longview and Vancouver. Oregon Customs District 
includes all Oregon ports and Longview and Vancouver, Washington. Alaska Customs District is the State of 
Alaska. San Francisco Customs District includes Monterey and all ports north of Monterey, California. 


YEAR AND 

QUARTER 

TOTAL 

DOUGLAS- 

FIR 

OTHER 

SOFTWOODS 

HARDWOODS 

1970 

561 

276 

60 

225 

1971 

365 

90 

84 

191 

1972 

631 

203 

92 

336 

1973 

445 

214 

5 

226 

1974 

378 

32 

130 

216 

1975 

288 

11 

224 

53 

1976 

2,396 

1,411 

670 

315 

1977 

1,360 

169 

411 

780 

1978 

1,721 

172 

917 

632 

1979 

1980— 

2,117 

290 

359 

1,468 

1st quarter 

232 

59 

98 

75 

2d quarter 

376 

171 

110 

95 

3d quarter 

406 

65 

303 

38 

4th quarter 

135 

0 

99 

36 

1980 total 

1,149 

295 

610 

244 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

235 

30 

86 

119 

1981 total 






Source — U.S. Department of Commerce. Data are compiled from Depart- 
ment of Commerce records at the end of each quarter. Revisions 
which may have been made after this time are not shown. Southern 
California consists of the San Diego and Los Angeles Customs 
Districts and includes all ports south of Monterey, California. 


YEAR AND 

QUARTER 

ALL 

SPECIES 

D0U6LAS-FIR 

OTHER SOFTWOODS 

VOLUME 

VALUE 

VOLUME 

VALUE 

VOLUME 

VALUE 

1970 

96 

111.47 

30 

146.57 

66 

95.62 

1971 

853 

103.53 

0 

— 

853 

103.53 

1972 

392 

113.71 

19 

162.89 

373 

111.20 

1973 

379 

177.58 

93 

261.16 

286 

150.40 

1974 

925 

178.24 

19 

149.05 

906 

178.86 

1975 

739 

226.93 

72 

274.78 

667 

221.76 

1976 

571 

228.43 

103 

254.08 

468 

222.78 

1977 

1,227 

247.66 

467 

251.10 

760 

245.54 

1978 

901 

226.05 

136 

367.43 

765 

200.91 

1979 

3,906 

168.47 

0 

— 

3,906 

168.47 

1980 — 







1st quarter 

135 

303.18 

15 

281.67 

120 

305.87 

2d quarter 

236 

189.98 

0 

— 

236 

189.98 

3d quarter 

156 

257.12 

21 

319.14 

135 

247.47 

4th quarter 

172 

243.02 

0 

— 

172 

243.02 


1980 total and 


average value 

699 

239.88 

36 

303.53 

663 

236.42 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

141 

446.81 

123 

475.06 

18 

253.78 


1981 total and 
average value 


Source — U.S. Department of Commerce. The valuation definition used in the export sta- 
tistics is the value at the seaport or border port of exportation. It is based on the 
selling price (or cost if not sold) and includes inland freight, insurance, and other 
charges to the port of exportation. Data are compiled from Department of Commerce records 
at the end of each quarter. 

^Montana Customs District includes all ports in Montana and Idaho. 
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TO ALL COUNTRIES 

1970 

269,201 

4,209 

90,266 

59,641 

61,192 

51,660 

2,233 

1971 

158,579 

3,750 

41,633 

48,260 

45,519 

14,177 

5,240 

1972 

55,866 

836 

13,956 

18,477 

14,958 

3,965 

3,674 

1973 

35,716 

1,852 

9,750 

7,441 

13,647 

1,211 

1,815 

1974 

148,801 

11,790 

31,528 

67,843 

27,355 

4,973 

5,312 

1975 

85,082 

2,406 

18,914 

19,373 

41,416 

1,505 

2,188 

1976 

116,193 

5,390 

39,069 

21,901 

41,959 

3,346 

4,528 

1977 

186,511 

10,085 

118,085 

36,048 

19,835 

754 

1,704 

1978 

128,853 

8,592 

24,467 

45,143 

49,767 

530 

354 

1979 

1980— 

169,107 

2,431 

56,504 

56,954 

43,201 

4,135 

5,882 

1st quarter 

41,753 

0 

14,899 

11,096 

9,341 

1,864 

4,553 

2d quarter 

45,863 

6,177 

14,830 

6,688 

9,950 

3,402 

4,736 

3d quarter 

94,870 

1,687 

52,201 

19,681 

11,246 

6,676 

3,379 

4th quarter 

49,298 

1,043 

24,263 

12,125 

6,219 

133 

5,515 

1980 total 

231,784 

8,907 

106,193 

49,590 

36,756 

12,155 

18,183 

1981 — 

1st quarter 
2d quarter 

3d quarter 
4th quarter 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

1981 total 




TO JAPAN 




1970 

140,502 

2,833 

39,338 

30,100 

54,642 

21,479 

110 

1971 

94,669 

2,210 

21,362 

24,150 

40,472 

6,379 

08 

1972 

46,059 

567 

13,478 

13,412 

14,938 

3,664 

0 

1973 

29,239 

1,293 

8,050 

6,205 

13,284 

399 

0 

1974 

00,655 

2,167 

22,968 

31,915 

16,503 

2,304 

4,790 

1975 

61,728 

1,460 

10,477 

7,696 

39,470 

1,253 

1,372 

1976 

67,192 

792 

17,026 

7,343 

39,905 

4 70 

1,656 

1977 

109,301 

5,106 

4,094 

65,092 

23,413 

15,409 

201 

0 

1978 

90,001 

16,090 

24,030 

44,814 

99 

66 

1979 

1980— 

120,297 

1,894 

49,201 

27,597 

35,083 

3,636 

2,056 

1st quarter 

31,167 

0 

9,479 

7,701 

9,336 

1,515 

3,136 

2d quarter 

27,340 

303 

5,234 

6,436 

9,950 

2,800 

2,625 

3d quarter 

65,015 

576 

34,851 

13,563 

10,637 

2,491 

2,897 

4th quarter 

31,294 

813 

11,936 

7,646 

6,234 

133 

4,532 

1980 total 

154,824 

1,692 

61,500 

35,346 

36,157 

6,939 

13,190 

1981 — 








1st quarter 
2d quarter 

3d quarter 
4th quarter 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

1981 total 











TO 

UNITED STATES 




1970 

120,698 

1,376 

50,928 

29,540 

6,550 

30,181 

2,123 

1971 

63,910 

1,532 

20,271 

24,110 

5,047 

7,798 

5,152 

1972 

9,807 

269 

470 

5,065 

20 

301 

3,674 

1973 

6,471 

559 

1,692 

1,236 

363 

812 

1,809 

1974 

68,146 

9,623 

0,560 

35,928 

10,852 

2,669 

514 

1975 

23,354 

946 

7,717 

11,677 

1,94G 

252 

816 

1976 

40,911 

4,598 

22,043 

14,558 

1,964 

2,876 

2,872 

1977 

74,442 

4,979 

50,017 

12,043 

4,346 

553 

1,704 

1978 

32,043 

4,498 

6,039 

19,144 

2,443 

431 

288 

1979 

1980 — 

48,810 

537 

7,223 

29,357 

7,360 

499 

3,826 

1st quarter 

10,581 

0 

5,420 

3,395 

0 

349 

1,417 

2d quarter 

18,515 

5,874 

9,596 

25? 

0 

682 

2,111 

3d quarter 

29,770 

1,111 

17,350 

6,040 

594 

4,185 

482 

4th quarter 

18,089 

230 

12,327 

4,549 

0 

0 

983 

1980 total 

76,955 

7,215 

44,693 

14,244 

594 

5,216 

4,993 

1981 — 








1st quarter 
2d quarter 

3d quarter 
4th quarter 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

1981 total 









Source— Bureau of Economics and Statistics, Department of Industrial Development, Trade, and Coamerce, 
Victoria, 8.C., "Preliminary Statement of External Trade." 

^Figures do not Include shipments of pulpwood logs. 

NA a not available. 
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thousand board teetj 


YEAR AND 

QUARTER 

VOLUME 

AVERAGE 

VALUE 

1970 

99,462 

82.57 

1971 

60,333 

64.70 

1972 

8,451 

80.44 

1973 

2,102 

124.71 

1974 

31,625 

248.69 

1975 

55,494 

207.13 

1976 

44,438 

122.62 

1977 

91,962 

194.93 

1978 

41,307 

271.29 

1979 

75,855 

298.89 

1980— 



1st quarter 

9,115 

341.27 

2d quarter 

8,377 

319.09 

3d quarter 

15,486 

233.34 

4th quarter 

18,850 

142.33 

1980 total and 



average value 

51,828 

233.08 

1981 — 



1st quarter 

13,223 

300.05 

2d quarter 



3d quarter 



4th quarter 



1981 total and 
average value 


Source — U.S. Department of Commerce. Value is declared value at port of 
entry. Data are compiled from Department of Commerce records at the end 
of each quarter. 



L.nirri-L' ruLrwuu 


kuuinuwuuu ruLrwuuu 


YEAR AND 

QUARTER 

VOLUME 

VALUE 

VOLUME 

VALUE 


Short tons 

Dollars 

Cords 

Dollars 

1970 

795,044 

8.44 

17,501 

NA 

1971 

1,157,444 

9.57 

3,944 

19.47 

1972 

909,926 

9.87 

2,300 

47.56 

1973 

1,085,124 

11.19 

16 

97.06 

1974 

623,830 

15.55 

31,998 

60.08 

1975 

493,761 

23.36 

11,517 

42.90 

1976 

877,550 

20.98 

1,967 

32.14 

1977 

1,056,102 

18.59 

16,674 

91.19 

1978 

1,215,483 

16.37 

— 

— 

1979 

1980 — 

1,039,458 

17.19 

— 

— 

1st quarter 

252,549 

23.92 

150 

86.87 

2d quarter 

375,769 

24.76 

5,182 

125.75 

3d quarter 

264,794 

27.28 

5,638 

165.90 

4th quarter 

292,589 

31.36 

46,367 

47. ,0 

1980 total and 

average value 

1,185,701 

26.77 

57,337 

66.64 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

318,965 

33.14 

13,245 

134.14 


1981 total and 
average value 


Source — U.S. Department of Commerce. Data are compiled from Department of Commerce 
records at the end of each quarter. 


NA = not available. 
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WASHING! ON 
CUSTOMS DISTRICT 


OREGON 

CUSTOMS DISTRICT 


SAN FRANCISCO 
CUSTOMS DISTRICT 


Al ASk A 

CUSTOMS DISTRICT 


YEAR AND 


QUARTER 

VOLUME 

VALUE 

VOLUME 

VALUE 

VOLUME 

VALUE 

VOLUME 

VALUE 

1970 

238,757 

19.56 

1,605,062 

19.31 

267,347 

NA 



1971 

229,237 

17.87 

1,504,169 

20.94 

476,400 

NA 

19,600 

28.06 

1972 

168,725 

19.56 

2,081,032 

22.12 

253,401 

27.76 

20,158 

25.76 

1973 

272,196 

21.84 

2,778,829 

24.85 

369,403 

24.41 

— 

— 

1974 

390,370 

28.62 

3,177,465 

26.50 

242,017 

30.69 

34,828 

28.99 

1975 

326,083 

38.56 

2,436,807 

34.74 

257,735 

28.96 

32,399 

48.51 

1976 

457,801 

33.39 

2,881,577 

39.90 

366,678 

34.76 

107,652 

37.89 

1977 

281,540 

49.17 

2,892,333 

43.33 

519,444 

42.91 

107,429 

51.67 

1978 

299,140 

46.16 

2,650,423 

42.98 

412,107 

40.82 

31,827 

37.20 

1979 

346,209 

50.05 

3,125,103 

42.55 

603,989 

44.69 

83,706 

48.62 

1980 — 









1st quarter 

21,508 

56.29 

737,661 

63.71 

134,188 

63.84 

30,649 

83.49 

2d quarter 

123,993 

76.67 

767,411 

85.88 

236,482 

66.31 

57,860 

49.94 

3d quarter 

31,697 

91.79 

716,415 

109.10 

214,926 

114.01 

40,103 

97.34 

4th quarter 

90,905 

84.65 

628,440 

97.05 

142,863 

96.28 

22,716 

91.76 


1980 total and 


average value 

268,103 

79.53 

2,849,927 

88.44 

728,459 

85.81 

151,328 

75.57 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

49,140 

73.54 

715,962 

87.17 

136,498 

91.69 

10,534 

48.05 


1981 total and 
average value 


Source — U.S. Department of Commerce except for San Francisco data for 1970 and 1971 which were obtained from 
the Port of Sacramento. The valuation definition used in the export statistics is the value at the seaport 
or border port of exportation. It is based on the selling price (or cost if not sold) and includes inland 
freight, insurance, and other charges to the port of exportation. Washington Customs District includes all 
ports in the State of Washington, except Longview and Vancouver. Oregon Customs District includes all Oregon 
ports and Longview and Vancouver, Washington. San Francisco Customs District includes all coastal and inland 
ports in the State of California from Monterey north. The Alaska Customs District is the State of Alaska. 

NA = not available. 
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TO ALL COUNTRIES 


1970 

409,872 

304,578 

33,810 

71,484 

136,124 

76,401 

12,279 

47,444 

273,748 

228,177 

21,531 

24 

,040 

1971 

334,318 

267,429 

22,344 

44,545 

130,186 

88,532 

9,902 

31,752 

204,132 

178,897 

12,442 

12 

,793 

1972 

406,493 

321,761 

30,772 

53,960 

164,472 

99,927 

21,994 

42,551 

242,021 

221,834 

8,778 

11 

,409 

1973 

799,631 

532,321 

169,927 

97,383 

324,740 

143,666 

104,851 

76,223 

474,091 

388,655 

65,076 

21 

,160 

1974 

719,729 

496,978 

124,047 

98,704 

331,818 

174,056 

79,399 

78,363 

387,911 

322,922 

44,648 

20 

,341 

1975 

616,883 

415,152 

125,529 

76,202 

263,754 

151,681 

52,064 

60,009 

353,129 

263,471 

73,465 

16 

,193 

1976 

698,941 

478,100 

145,645 

75,196 

311,599 

155,041 

94,581 

61,977 

387,342 

323,059 

51,064 

13 

,219 

1977 

549,059 

372,609 

125,479 

50,971 

256,703 

123,783 

92,364 

40,556 

292,356 

248,826 

33,115 

10 

,415 

1978 

585,588 

374,032 

135,156 

76,400 

310,100 

128,895 

118,094 

63,111 

275,488 

245,137 

17,062 

13 

,289 

1979 

839,895 

427,063 

280,067 

132,765 

413,673 

98,685 

211,030 

103,858 

426,322 

328,378 

69,031 

28 

,907 

1980 — 














1st quarter 

247,234 

113,090 

89,573 

44,571 

140,823 

28,318 

76,484 

36,021 

106,411 

84,772 

13,089 

8 

,550 

2d quarter 

312,038 

146,872 

106,431 

58,735 

159,134 

32,973 

81,467 

44,694 

152,904 

113,899 

24,964 

14. 

,041 

3d quarter 

217,915 

95,562 

75,976 

46,377 

111,680 

22,074 

57,714 

31,892 

106,235 

73,488 

18,262 

14 

,485 

4th quarter 

207,695 

93,599 

66,507 

47,589 

110,091 

23,306 

55,041 

31,744 

97,604 

70,293 

11,466 

15 

.845 

1980 total 

984,882 

449,123 

338,487 

197,272 

521,728 

106,671 

270,706 

144,351 

463,154 

342,452 

67,781 

52 , 

,921 

1981 — 














1st quarter 

245,806 

124,627 

68,610 

52,569 

125,778 

35,531 

50,166 

40,081 

120,028 

89,096 

18,444 

12, 

,488 


2d quarter 
3d quarter 
4th quarter 


1981 total 


TO JAPAN 


1970 

30,294 

4,949 

14,983 

10,362 

13,859 

2,656 

5,693 

5,510 

16,435 

2,293 

9,290 

4,852 

1971 

16,736 

3,252 

7,000 

6,404 

12,016 

2,239 

5,610 

4,967 

3,920 

1,013 

1,470 

1,437 

1972 

23,699 

3,437 

10,589 

9,673 

14,951 

571 

7,291 

7,089 

8,748 

2,866 

3,298 

2,504 

1973 

153,537 

40,402 

99,707 

13,428 

89,514 

19,247 

64,966 

5,301 

64,023 

21,155 

34,741 

0,127 

1974 

205,888 

102,858 

77,973 

25,057 

103,531 

44,424 

47,616 

11,493 

102,357 

58,434 

30,357 

13,566 

1975 

208,160 

96,307 

96,610 

15,243 

89,489 

40,991 

45,359 

3,139 

118,671 

55,316 

51,251 

12,104 

1976 

186,628 

68,927 

107,884 

9,817 

127,553 

39,430 

80,891 

7,232 

59,075 

29,497 

26,993 

2,505 

1977 

145,386 

40,945 

93,719 

10,722 

108,468 

20,845 

80,161 

7,462 

36,918 

20,100 

13,558 

3,260 

1978 

163,233 

36,429 

100,610 

18,194 

141,963 

25,609 

103,056 

13,289 

21,270 

10,820 

5,554 

4,896 

1979 

355,840 

75,567 

227,702 

52,571 

250,444 

45,549 

177,239 

35,656 

97,396 

30,018 

50,463 

16,915 

1980 — 












1st quarter 

89,497 

10,144 

61,733 

17,620 

70,326 

5,917 

53,210 

11,191 

19,171 

4,227 

8,515 

6,429 

2d quarter 

117,162 

17,324 

81,874 

17,964 

82,103 

7,042 

62,243 

12,818 

35,059 

10.202R 

19,631 

5,146 

3d quarter 

08,436 

16,380 

50,701 

13,355 

62,808 

7,793 

44,347 

10,668 

25,620 

0,587 

14,354 

2,687 

4th quarter 

67,363 

9,236 

47,421 

10,706 

54,169 

5,676 

39,429 

9,064 

13,194 

3,560 

7,992 

1,642 

1980 total 

362,458 

53,084 

249,729 

59,645 

269,406 

26,420 

199,237 

43,741 

93,052 

26,656 

50,492 

15,904 

1981 — 













1st quarter 

82,390 

17,199 

51,779 

13,412 

55,324 

9,201 

36,658 

9,465 

27,066 

7,998 

15,121 

3,947 


2d quarter 
3d quarter 
4th quarter 


1901 total 


TO CANAOA 


1970 

44,153 

32,029 

1,384 

10,740 

44,153 

32,029 

1,384 

10,740 

0 

0 

0 

0 

1971 

46,618 

32,989 

1,339 

12,290 

46,618 

32,989 

1,339 

12,290 

0 

0 

0 

0 

1972 

70,297 

42,581 

8,687 

19,029 

70,297 

42,581 

8,687 

19,029 

0 

0 

0 

0 

1973 

88,695 

49,381 

9,340 

29,974 

08,695 

49,381 

9,340 

29,974 

0 

0 

0 

0 

1974 

126,547 

67,856 

5,952 

52,739 

124,097 

65,406 

5,952 

52,739 

2,450 

2,450 

0 

0 

1975 

113,213 

61,099 

4,299 

47,815 

112,783 

61 ,099 

3,069 

47,815 

430 

0 

430 

0 

1976 

101,633 

50,327 

6,737 

44,569 

101,633 

50,327 

6,737 

44,569 

0 

0 

0 

0 

1977 

76,251 

45,042 

3,695 

26,714 

76,251 

45,842 

3,695 

26,714 

0 

0 

0 

0 

1978 

117,969 

69,852 

9,241 

30,876 

117,930 

69,813 

9,241 

38,876 

39 

39 

0 

0 

1979 

113,977 

30,917 

10,870 

56,190 

113,977 

38,917 

18,870 

56,190 

0 

0 

0 

0 

1900 — 

1st quarter 

46,030 

16,609 

10,231 

19,198 

46,038 

16,609 

10,231 

19,198 

0 

0 

0 

0 

2d quarter 

47,329 

17,946 

6,469 

22,914 

47,329 

17,946 

6,469 

22,914 

0 

0 

0 

0 

3d quarter 

30,018 

8.R51 

3,979 

17,180 

30,018 

8,851 

3,979 

17,188 

0 

0 

0 

0 

4th quarter 

36,273 

11,470 

5,646 

19,157 

36,273 

11,470 

5,646 

19,157 

0 

0 

0 

0 


1980 total 159,650 54,876 26,325 78,457 159,658 54,876 26,325 7R,457 0 000 


1st quarter 51,382 20,608 4,922 25,052 51,382 20,608 4,922 25,852 0 000 

2d quarter 
3d quarter 
4th quarter 


1981 total 


TO MAINLAND CHINA 


1981- 
1st quarter 
2d quarter 
3d quarter 
4th quarter 


0 82 359 359 0 0 


Source— U.S. Department of Commerce. Data are compiled from Department of Commerce records at the end of each quarter. 
M deludes lumber classified as railroad crossties and not specified by species. 
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TO ALL COUNTRIES 

1970 

52,681 

26,645 

8 

26,028 

1971 

38,397 

21,267 

0 

17,130 

1972 

48,914 

20,843 

135 

27,936 

1973 

73,842 

30,746 

2,530 

40,566 

1974 

35,314 

17,350 

815 

17,149 

1975 

27,628 

13,388 

636 

13,604 

1976 

40,585 

14,430 

462 

25,693 

1977 

44,438 

18,951 

1,137 

24,350 

1978 

32,919 

12,931 

684 

19,304 

1979 

1980— 

30,832 

10,539 

1,498 

18,795 

1st quarter 

7,934 

1,780 

354 

5,800 

2d quarter 

13,118 

6,385 

849 

5,884 

3d quarter 

6,983 

1,167 

1,360 

4,456 

4th quarter 

6,568 

1,199 

1,214 

4,155 

1980 total 

34,603 

10,531 

3,777 

20,295 

1981 — 





1st quarter 

2d quarter 

3d quarter 

4th quarter 

7,446 

2,183 

2,002 

3,261 

1981 total 


TO JAPAN 

1970 

8,472 

48 

0 

8,424 

1971 

3,695 

0 

0 

3,695 

1972 

6,884 

17 

28 

6,839 

1973 

4,963 

328 

2,359 

2,276 

1974 

3,208 

317 

12 

2,879 

1975 

4,303 

337 

— 

3,966 

1976 

5,724 

168 

396 

5,160 

1977 

7,766 

1,354 

— 

6,412 

1978 

6,763 

107 

200 

6,456 

1979 

1980— 

8,854 

0 

700 

8,154 

1st quarter 

4,173 

58 

274 

3,841 

2d quarter 

4,188 

306 

716 

3,166 

3d quarter 

4,431 

574 

1,052 

2,805 

4th quarter 

4,592 

222 

1,214 

3,156 

1980 total 

17,384 

1,160 

3,256 

12,968 

1981 — 





1st quarter 

2d quarter 

3d quarter 

4th quarter 

4,520 

464 

1,809 

2,247 


1981 total 


Source — U.S. Department of Commerce. 

^•Northern California consists of the San Francisco Customs District and 
includes Monterey* California, and all ports north of Monterey. 
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YtAK AINU gUAKItK 


I U I ML 


UUU^LAO-r IK 


iUh I WUUUo 



TO 

ALL 

COUNTRIES 


1970 

45,405 


18,751 

26,654 

1971 

42,446 


15,086 

27,360 

1972 

56,599 


23,938 

32,661 

1973 

52,608 


19,599 

33,009 

1974 

46,514 


18,684 

27,830 

1975 

56,759 


23,596 

33,163 

1976 

61,256 


23,078 

38,178 

1977 

72,588 


26,895 

45,693 

1978 

74,347 


27,661 

46,686 

1979 

1980 — 

81,372 


20,388 

60,984 

1st quarter 

17,551 


3,970 

13,581 

2d quarter 

25,062 


6,220 

18,842 

3d quarter 

25,754 


6,251 

19,503 

4th quarter 

27,274 


8,389 

18,885 

1980 total 

95,641 


24,830 

70,811 

1981 — 





1st quarter 

2d quarter 

3d quarter 

4th quarter 

24,137 


5,252 

18,885 

1981 total 







TO 

JAPAN 



1970 

— 

— 

— 

1971 

1,156 

— 

1,156 

1972 

1,578 

12 

1,566 

1973 

264 

— 

264 

1974 

64 

— 

64 

1975 

119 

— 

119 

1976 

377 

— 

377 

1977 

172 

73 

99 

1978 

471 

— 

471 

1979 

739 

— 

739 

1980 — 




1st quarter 

180 

— 

180 

2d quarter 

284 

20 

264 

3d quarter 

760 

— 

760 

4th quarter 

1,106 

217 

889 

1980 total 

2,330 

237 

2,093 

1981 — 




1st quarter 

490 

68 

422 

2d quarter 




3d quarter 




4th quarter 




1981 total 





Source — U.S. Department of Commerce. Data are compiled from Department of 
Commerce records at the end of each quarter. 

•^•Southern California consists of the San Diego and Los Angeles Customs 
Districts and includes all ports south of Monterey, California. 
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TO ALL COUNTRIES 

1970 

315,586 

90,974 

219,001 

708 

4,893 

1971 

247,414 

92,243 

155,171 

0 

0 

1972 

340,196 

155,407 

184,649 

0 

140 

1973 

404,849 

210,555 

194,143 

12 

139 

1974 

362,432 

250,144 

154,525 

2,641 

122 

1975 

313,307 

179,398 

132,556 

1,353 

0 

1976 

290,011 

134,387 

148,526 

1,298 

5,800 

1977 

250,044 

122,544 

121,350 

5,579 

571 

1978 

237,795 

126,218 

111,435 

53 

89 

1979 

278,462 

172,005 

103,844 

479 

2,134 

1980 

256,716 

158,682 

96,607 

105 

1,322 

1st quarter 

66,402 

43,514 

22,888 

0 

0 

2d quarter 

84,526 

52,75 

31,669 

105 

0 

3d quarter 

58,537 

33,638 

24,221 

0 

678 

4th quarter 

47,251 

28,778 

17,829 

0 

644 

1980 total 

256,716 

158,682 

96,607 

105 

1,322 

1981— 






1st quarter 

2d quarter 

3d quarter 

4th quarter 

54,446 

22,644 

31,802 

0 

0 

1981 total 






TO JAPAN 

1970 

315,386 

90,774 

219,011 

708 

4,893 

1971 

245,974 

91,357 

154,617 

0 

0 

1972 

336,798 

152,555 

184,243 

0 

0 

1973 

403,938 

210,536 

193,390 

12 

0 

1974 

361,691 

204,845 

154,205 

2,641 

0 

1975 

312,976 

179,122 

132,501 

1,353 

0 

1976 

289,197 

134,274 

148,221 

902 

5,800 

1977 

245,445 

122,471 

121,083 

1,391 

500 

1978 

236,615 

125,355 

111,207 

53 

0 

1979 

273,615 

170,149 

101,408 

435 

1,623 

1980 

251,369 

156,654 

94,610 

105 

0 

1st quarter 

63,403 

41,507 

21,896 

0 

0 

2d quarter 

84,505 

52,731 

31,669 

105 

0 

3d quarter 

56,854 

33,638 

23,216 

0 

0 

4th quarter 

46,607 

28,778 

17,829 

0 

0 

1980 total 

251,369 

356,654 

94,610 

105 

0 

1981— 






1st quarter 

2d quarter 

3d quarter 

4th quarter 

41,731 

18,861 

22,870 

0 

0 

1981 total 






TO MAINLAND CHINA 

1981— 






1st quarter 

2d quarter 

3d quarter 

4th quarter 

8,721 

0 

8,721 

0 

0 

1981 total 







Source — U.S. Department of Commerce. Data are compiled from Department of Commerce 
records at the end of each quarter. 
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YEAR AND 

QUARTER 

TOTAL 

DOUGLAS-FIR 

WESTERN 

HEMLOCK 

OTHER 

SOFTWOODS 

1970 

10,794 

6,424 

32 

4,338 

1971 

12,417 

4,660 

800 

6,957 

1972 

16,360 

6,391 

1,595 

8,374 

1973 

47,727 

30,526 

3,334 

13,867 

1974 

29,146 

9,618 

3,602 

15,926 

1975 

50,226 

12,745 

4,516 

32,965 

1976 

56,451 

19,050 

3,521 

33,880 

1977 

46,488 

12,660 

3,463 

30,365 

1978 

44,612 

12,691 

2,276 

29,645 

1979 

1980— 

81,671 

22,067 

1,632 

57,972 

1st quarter 

18,458 

3,649 

267 

14,542 

2d quarter 

14,497 

4,434 

303 

9,760 

3d quarter 

12,692 

3,099 

650 

8,943 

4th quarter 

11,909 

2,848 

583 

8,478 

1980 total 

57,556 

14,030 

1,803 

41,723 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

19,012 

3,036 

298 

12,678 

1981 total 






Source — U.S. Department of Commerce. 

^Montana Customs District includes all ports in Montana and Idaho. 
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TO ALL COUNTRIES 


1970 

3,461,067 

706,323 

1,838,779 

362,799 

419,746 

131,291 

2,129 

1971 

3,300,365 

675,773 

1,703,632 

324,910 

440,595 

153,769 

1,686 

1972 

3,834,552 

707,112 

1,801,818 

406,409 

634,563 

278,836 

5,814 

1973 

4,169,812 

566,535 

2,032,594 

456,522 

766,830 

344,401 

2,930 

1974 

3,938,940 

527,706 

1,699,277 

406,419 

914,787 

387,043 

3,708 

1975 

3,001,410 

356,371 

1,113,665 

295,218 

825,527 

409,507 

1,122 

1976 

4,670,033 

542,197 

1,967,446 

467,829 

1,191,429 

499,853 

1,279 

1977 

5,860,807 

683,614 

2,364,028 

533,267 

2,269,876 

8,796 

1,226 

1978 

5,876,119 

679,566 

2,492,764 

570,796 

2,116,258 

15,674 

1,061 

1979 

5,755,532 

679,694 

2,313,186 

646,701 

1,983,829 

129,161 

2,961 

1980— 

1st quarter 

1,319,721 

113,019 

571,697 

170,973 

442,955 

20,322 

755 

2d quarter 

1,647,910 

118,785 

544,037 

462,851 

498,800 

22,980 

369 

3d quarter 

1,348,984 

155,116 

487,292 

218,542 

462,354 

24,691 

909 

4th quarter 

1,244,185 

111,505 

495,646 

135,901 

468,045 

31,623 

1,385 


1980 total 

5,560,800 

498,425 

2,098,672 

988,347 

1,872,234 

99,624 

3,498 

1981 

1st quarter 

NA 

NA 

NA 

NA 

NA 

NA 

NA 


2d quarter 
3d quarter 
4th quarter 


1981 total 


TO JAPAN 


1970 

727,599 

29,489 

549,554 

94,828 

53,726 

2 

0 

1971 

419,819 

14,181 

305,535 

44,221 

54,136 

1,668 

70 

1972 

400,051 

15,268 

300,460 

46,052 

34,003 

526 

3,742 

1973 

617,449 

12,987 

441,852 

88,946 

71,531 

1,849 

284 

1974 

500,785 

15,335 

349,560 

03,749 

49,116 

2,490 

535 

1975 

407,674 

12,870 

301,336 

60,490 

30,488 

2,405 

05 

1976 

633,063 

13,727 

476,927 

79,934 

61,743 

1,521 

n 

1977 

705,823 

18,530 

530,567 

90,447 

65,943 

85 

251 

1978 

779,135 

23,799 

545,903 

116,368 

92,940 

0 

45 

1979 

1980— 

1,014,481 

44,021 

677,425 

158,121 

133,358 

546 

1,010 

1st quarter 

286,101 

10,072 

184,803 

46,690 

43,556 

660 

320 

2d quarter 

311,989 

15,219 

190,571 

46,185 

51 ,682 

273 

59 

3d quarter 

293,144 

13,325 

104,200 

35,324 

54,578 

527 

110 

4th quarter 

193,192 

12,184 

133,925 

7,931 

35,563 

2,698 

891 


1980 total 

1,084,426 

55,800 

701,579 

136,130 

185,379 

4,158 

1,300 

1981— 

1st quarter 

NA 

NA 

NA 

NA 

NA 

NA 

NA 


2d quarter 
3d quarter 
4th quarter 


1981 total 


TO UNITED STATES 1 


1970 

1,627,613 

401,167 

768. 

,772 

137,361 

202,152 

116,032 

2,129 

1971 

2,163,431 

502,631 

1,028. 

,356 

203,577 

205,343 

141,943 

1,581 

1972 

2,679,159 

505,902 

1,155. 

,419 

254,521 

491,217 

270,029 

2,071 

1973 

2,601,556 

347,653 

1,143, 

,329 

240,978 

544,634 

322,316 

2,646 

1974 

2,2 87.461 

302,112 

761, 

,924 

207,130 

659,751 

353,487 

3,049 

1975 

2,026,343 

238,331 

542, 

,256 

166,949 

684,404 

393,391 

1,012 

1976 

2,965,011 

322,793 

978, 

,704 

267,831 

938,185 

456,237 

1,181 

1977 

4,107,653 

529,808 

1,340, 

,920 

333,604 

1,894,371 

7,980 

962 

1978 

4,078,666 

501,841 

1.443, 

,548 

365,062 

1,751,741 

15,496 

978 

1979 

3,528,648 

462,658 

1,125, 

,807 

382,991 

1,429,014 

126,536 

1,642 

1980— 









1st quarter 

637,007 

58,070 

217, 

,757 

96,434 

244,783 

19,544 

419 

2d quarter 

609, 93?E 

58,994 

166, 

082 

93.96GE 

267,947 

22,636 

307 

3d quarter 

591.133E 

98,469 

138, 

,128 

69,4531 

260,570 

23,645 

060 

4th quarter 

752,814 

67,949 

253, 

,460 

95,966 

306,087 

20,058 

494 

1980 total 

2,590,886 

283,482 

775, 

,427 

355,819 

1,079,387 

94,683 

2,008 

1981 — 









1st quarter 

NA 

NA 


NA 

NA 

NA 

NA 

NA 


2d quarter 
3d quarter 
4th quarter 


1981 total 


Source — Bureau of Economics and Statistics, Department of Industrial Development, Trade, and Commerce, Victoria, 
B.C., “Preliminary Statement of External Trade," 

figures do not include shipments of railroad crossties. 

I * estimated. 

NA » not available. 
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LUblUMb LUSIKlUb 


LUblUMb [Jib IKIl I b 


CUSTOMS DISTRICTS 



SOFTWOOD, 

HARDWOOD, 

SOFTWOOD, 

HARDWOOD, 

SOFTWOOD, 

HARDWOOD, 

YEAR AND 

3/ 8“ INCH 

SURFACE 

3/8- INCH 

SURFACE 

3/8- INCH 

SURFACE 

QUARTER 

BASIS 

MEASURE 

BASIS 

MEASURE 

BASIS 

MEASURE 


TO ALL COUNTRIES 


1970 

89,946 

887 

10,587 

812 

79,359 

75 

1971 

71,479 

1,314 

11,247 

1,035 

60,232 

279 

1972 

122,242 

3,603 

23,241 

3,342 

99,001 

261 

1973 

284,806 

6,337 

45,493 

5,546 

239,313 

791 

1974 

284,487 

6,590 

131,317 

5,604 

153,170 

986 

1975 

407,117 

10,493 

93,951 

10,360 

313,166 

1 33 

1976 

532,576 

24,229 

34,020 

23,846 

498,556 

383 

1977 

233,762 

17,673 

20,603 

17,447 

213,159 

226 

1978 

242,105 

12,160 

23,284 

8,871 

218,821 

3,289 

1979 

330,018 

9,962 

27,132 

9,644 

302,886 

318 

1980 — 







1st quarter 

89,009 

2,786 

3,445 

2,066 

85,564 

720 

2d quarter 

100,285 

3,164 

8,686 

3,078 

91,599 

86 

3d quarter 

40,098 

2,356 

3,916 

2,304 

36,182 

52 

4th quarter 

49,611 

1,412 

4,700 

1,358 

44,911 

54 

1980 total 

279,003 

9,718 

20,747 

8,806 

258,256 

912 

19S1 — 







1st quarter 

90,409 

2,824 

8,391 

2,566 

82,018 

258 

2d quarter 







3d quarter 







4th quarter 







1981 total 







TO JAPAN 


1970 

998 

2 

525 

2 

473 

0 

1971 

1,369 

28 

633 

28 

736 

0 

1972 

734 

34 

432 

0 

302 

34 

1973 

8,139 

247 

1,625 

0 

6,514 

247 

1974 

3,311 

188 

1,203 

11 

2,108 

177 

1975 

2,141 

14 

414 

0 

1,727 

14 

1976 

2,361 

61 

498 

61 

1,863 

0 

1977 

1,914 

162 

122 

74 

1,792 

88 

1978 

2,821 

18 

167 

18 

2,654 

0 

1979 

6,040 

108 

931 

108 

5,109 

0 

1980— 







1st quarter 

838 

4 

270 

4 

568 

0 

2d quarter 

5,134 

85 

3,158 

85 

1,976 

0 

3d quarter 

1,386 

889 

443 

889 

943 

0 

4th quarter 

943 

0 

287 

0 

656 

0 

1980 total 

8,301 

978 

4,158 

978 

4,143 

0 

1981 — 







1st quarter 

1,294 

4 

581 

3 

713 

1 

2d quarter 







3d quarter 







4th quarter 







1981 total 








Source— U.S. Department of Commerce. Oregon Customs District includes all Oregon ports plus Longview 
and Vancouver, Washington. Washington Customs District includes all coastal and inland ports in the 
State of Washington, except Longview and Vancouver. Data are compiled from Department of Commerce 
records at the end of each quarter. 



NORTHERN CALIFORNIA 


SOUTHERN CALIFORNIA 


YEAR AND 

QUARTER 

TOTAL 

SOFTWOOD, 

3/8-INCH 

BASIS 

HARDWOOD, 

SURFACE 

MEASURE 

SOFTWOOD, 

3/8-INCH 

BASIS 

HARDWOOD, 

SURFACE 

MEASURE 

1970 

8,593 

4,338 

373 

3,231 

651 

1971 

11,440 

4,303 

139 

5,896 

1,102 

1972 

15,429 

6,633 

668 

5,941 

2,187 

1973 

16,562 

8,186 

698 

4,358 

3,320 

1974 

18,177 

4,985 

305 

7,978 

4,909 

1975 

19,619 

7,874 

542 

6,311 

4,892 

1976 

19,696 

10,085 

92 

4,681 

5,111 

1977 

9,198 

5,148 

646 

1,818 

1,586 

1978 

6,036 

2,833 

899 

964 

1,340 

1979 

1980— 

5,934 

1,638 

871 

1,946 

1,479 

1st quarter 

1,678 

384 

208 

591 

495 

2d quarter 

2,426 

261 

71 

1,169 

925 

3d quarter 

2,260 

279 

477 

779 

725 

4th quarter 

2,690 

490 

93 

1,007 

1,100 

1980 total 

9,054 

1,414 

849 

3,546 

3,245 

1981— 

1st quarter 

2d quarter 

3d quarter 

4th quarter 

1,811 

463 

114 

433 

801 


1981 total 


Source — U.S. Department of Commerce. Data are compiled from Department of 
Commerce records at the end of each quarter. Revisions which may have been made 
after this time are not shown. Northern California is the San Francisco Customs 
District and includes all coastal and inland ports from Monterey north. Southern 
California consists of the San Diego and Los Angeles Customs Districts and 
includes all ports south of Monterey, California. 
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AGENCY 

1976 

1977 

1978 

1979 

total 

1ST QTR. 

1ST QTR. 

20 QTR. 

3D QTR. 

4TH OTR. 

TOTAL 

Western Washington: 

U.S. Forest Service!' 
U.S. Bur. Indian Affairs 
State of Washington^/ 

883,213 

18,300 

690,015 

1,066,656 

17,036 

746,012 

1,097,548 

66,923 

175,155 

1,222,548 

22,882 

1,150,935 

1,114,024 

6,927 

503,565 

217,198 

4,673 

248,970 

202,579 

0 

115,505 





Total 

1,591,520 

1 ,829,764 

1,339,675 

2,396,365 

1,624,516 

470,841 

318,084 





Eastern Washington: 

U.S. Forest Service!' 

U.S. Bur. Land Manage. 
U.S. Bur. Indian Affairs 
State of Washington?/ 

247,937 

3,058 

351,112 

82,138 

271,698 

2,768 

301,161 

82,828 

382,902 

54 

157,396 

30,385 

420,819 

2,645 

140,247 

125,505 

428,631 

1,798 

211,205 

80,345 

92,031 

0 

59,022 

38,665 

63,187 

0 

18,403 

9,480 





Total 

684,245 

658,455 

570,737 

689,216 

721,979 

189,718 

91,070 





Western Oregon: 

U.S, Forest Service!/ 

U.S. Bur. Land Manage. 
State of Oregon 

1,600,311 

1,021,277 

195,124 

2,212,654 

1,129,753 

221,030 

2,242,355 

1,110,451 

210,353 

2,441,324 

889,797 

219,378 

2,643,716 

1,150,026 

238,931 

936,343 

292,004 

28,850 

787,221 

306,784 

67,111 





Total 

2,816,712 

3,563,437 

3*563*159 

3,550,499 

4,032,673 

1,257,197 

1,161,116 





Eastern Oregon: 

U.S, Forest Service!! 

U.S. Bur, Land Manage. 
U.S. Bur. Indian Affairs 
State of Oregon 

896,293 

3,864 

96,063 

0 

1,127,107 
11,788 
110, 148 
880 

1,115,280 

12,152 

152,320 

8,379 

1,271,677 

6,525 

15,439 

7,499 

1,168,327 

2,301 

25,480 

5,992 

306,828 

415 

0 

0 

309,238 

8 

0 

1.040 





Total 

996,220 

1,249,9 23 

1,288,131 

1,301,140 

1,202,100 

307,243 

310,286 





A 1 1 publ ic lands: 

U.S. Forest Serviced 

U.S. Bur. Land Manage. 
U.S. Bur. Indian Affairs 
State of Washington?./ 
State of Oregon 

3,627,754 

1,028,199 

465,475 

772,153 

195,124 

4,678,115 

1,144,309 

428,345 

828,900 

221,910 

4,838,134 

1,122,657 

376,639 

205,540 

218,732 

5,356,368 

898,967 

178,568 

1.276,440 

226,077 

5,354,690 

1,154,125 

243,612 

583,910 

244,923 

1,552,400 

292,419 

63,695 

287,635 

28,850 

1,362,225 

306,792 

18,403 

124,985 

68,151 





Total 

6,088,705 

7,301,579 

6,761,702 

7,937,220 

7,581,268 

2,224,999 

1,000,556 






Source — respective agencies listed. 
^Convertible products only. 
^Excludes sales under J2,000. 
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13/0 


IV/ / 


1:7/0 xv/v nvtnnui 


V ,n * *-w yin« jy v* 1 '* “Mil 


Western Washington: 

U.S. Forest Service!/ 

U.S. Bur. Indian Affairs 
State of Washington!/ 

93.54 
120. SB 
159.27 

106.12 

163.54 

159.89 

129.57 

120.34 

231.31 

224.68 

264.95 

332.10 

208.06 

182.32 

304.71 

232.76 

211.07 

349.71 

235.69 

0 

234.09 

Average 

122.35 

128.58 

142.84 

276.66 

237.91 

294.38 

235.11 

Eastern Washington: . 

U.S. Forest Service!' 

39.45 

56.36 

186.69 

104.68 

90.92 

115.07 

64.56 

U.S. Bur. Land Manage. 

69.71 

77.02 

123.48 

16.80 

21.25 

— 

— 

U.S. Bur. Indian Affairs 

79.81 

91.74 

165.37 

212.01 

162.32 

182.27 

159.70 

State of Washington!' 

101.19 

107.39 

162.13 

210.79 

207.67 

211.16 

276.21 

Average 

67.71 

79.10 

179.49 

145.50 

124.63 

155.56 

105.78 

Western Oregon: 

U.S. Forest Service!/ 

141.54 

181.51 

210.96 

332.09 

354.60 

384.23 

358.34 

U.S. Bur. Land Manage. 

157.74 

180.82 

196.36 

292.59 

323.63 

353.50 

309.79 

State of Oregon 

146.11 

172.37 

226.23 

314.93 

332.25 

308.35 

315.67 

Average 

147.73 

180.73 

207.31 

321.13 

344.44 

375.35 

343.05 

Eastern Oregon: 

U.S. Forest Service!' 

65.66 

109.58 

171.04 

169.55 

130.22 

169.31 

179.61 

U.S. Bur. Land Manage. 

54.33 

99.54 

206.17 

103.25 

118.72 

115.66 

245.62 

U.S. Bur. Indian Affairs 

69.11 

91.52 

113.72 

196.29 

266.61 

— 

0 

State of Oregon 

— 

113.64 

134.91 

229.38 

166.29 

“** 

16.00 

Average 

65.93 

107.90 

164.36 

169.88 

133.37 

169.24 

179.75 

All public lands: 

U.S. Forest Service!' 

104.13 

139.73 

181.49 

251.12 

254.06 

304.60 

285.90 

U.S. Bur. Land Manage. 

157.09 

179.73 

196.46 

290.41 

322.75 

353.16 

310.49 

U.S. Bur. Indian Affairs 

79.22 

94.54 

136.48 

217.43 

173.80 

184.38 

159.70 

State of Washington!^ 

153.09 

154.68 

221.08 

320.17 

291.35 

331.09 

237.28 

State of Oregon 

146.11 

172.14 

222.73 

312.10 

328.68 

308.25 

311.09 

Average 

118.72 

146.03 

184.01 

267.66 

267.21 

311.02 

286.36 


Source — respective agencies listed. 

^-Prices received for individual sales may vary significantly from the averages shown in this table because of differences in species mix, quality, road 
costs, logging and processing costs, size and length of sale, number of bidders, and other related price determinants. National Forest stumpage prices 
include deposits for sale-area betterment. 

^Excludes sales under 22,000. 
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Table 32 Average stumpaae prices for sawtimber sold on National Forests by selected species. Pacific Northwest Region, 1970-81-^ 

(In dollars per thousand board feet) 
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Western Oregon: 
Mount Hood 
Rogue River 
Siskiyou 
Si us law 
Umpqua 
W i 1 lamette 


Total and average 

Western Washington: 
Gifford Pinchot 
Mount Baker-Snoqualmie 
Olympic 


Total and average 


Total and average, 
western Oregon and 
western Washington 

Eastern Oregon: 
Deschutes 
Fremont 
Malheur 
Ochoco 
Umati 11a 
Wal lowa-Whitman 
Wineme 


Total and average 

Eastern Washington: 
Colville 
Okanogan 
Wenatchee 


Total and average 

Total and average, 
eastern Oregon and 
eastern Washington 

Total and average, 
Region 6 

Total and average, 
Oregon 

Total and average, 
Washington 


VOLUME 

VALUE 

VOLUME 

VALUE 

VOLUME 

VALUE 

VOLUME 

VALUE 

VOLUME 

VALUE 

VOLUME 

VALUE 

AO, 070 

461.08 

13,700 

315.91 

2,100 

13.45 

22,540 

139.28 

5,860 

133.85 

99,321 

294.97 

12,930 

245.61 

0 

0 

80 

83.11 

125 

275.00 

11,140 

194.60 

33,680 

220.55 

53,458 

584.80 

0 

0 

0 

0 

960 

18.12 

140 

9.15 

63,662 

523.91 

164,660 

444.38 

0 

0 

0 

0 

16,986 

187.79 

0 

0 

192,240 

403.16 

77,420 

445.54 

0 

0 

700 

128.60 

5,700 

60.07 

4,510 

27.56 

116,535 

313.80 

196,469 

493.53 

0 

0 

0 

0 

30,361 

117.61 

90 

104.96 

290,440 

349.46 

545,007 

472.55 

13,700 

315.91 

2,880 

43.38 

76,672 

134.26 

21,740 

142.00 

795,878 

358.91 

18,900 

582.41 

O 

0 

0 

0 

2,200 

27.80 

6,600 

12.58 

29,670 

378.09 

20,300 

358.33 

0 

0 

0 

0 

24,601 

228.38 

28,660 

158.68 

91,856 

211.67 

25,135 

270.79 

0 

0 

0 

0 

41,345 

242.38 

2,000 

65.56 

77,915 

221.42 

64,335 

389.76 

0 

0 

0 

0 

68,146 

230.40 

37,260 

127.80 

199,441 

240.23 


609,342 

463.81 

13,700 

315.91 

2,880 

43.38 

144,818 

179.50 

59,000 

133.03 

995,319 

335.13 

0 

0 

3,310 

6.70 

26,047 

332.30 

0 

0 

3,180 

21.42 

47,177 

192.83 

0 

0 

0 

0 

18,400 

296.02 

0 

0 

6,900 

22.69 

30,106 

230.49 

0 

0 

9,400 

48.90 

36,850 

221.74 

0 

0 

7,150 

13.28 

66,800 

140.88 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

7,400 

171.95 

16,200 

179.07 

0 

0 

4,500 

17.20 

30,000 

142.99 

0 

0 

10,000 

53,87 

7,035 

23.34 

0 

0 

5,300 

207.69 

54,520 

34.06 

0 

0 

4,250 

889.34 

52,500 

345.01 

0 

0 

17,450 

95.56 

76,690 

307.54 

0 

0 

34,360 

176.74 

157,032 

276.70 

0 

0 

44,480 

71.16 

305,293 

182.49 

0 

0 

8,055 

124.62 

0 

0 

0 

0 

1,200 

14.93 

12,275 

106.05 

0 

0 

18,421 

14.62 

7,529 

104.91 

0 

0 

0 

0 

25,950 

40.02 

0 

0 

10,795 

19.50 

5,161 

282.95 

0 

0 

4,852 

6.31 

22,594 

76.07 


0 

0 

37,271 

39.80 

12,690 

177.32 

0 

0 

6,052 

8.02 

60,019 

67.08 

0 

0 

71,631 

105.49 

169,722 

269.27 

0 

0 

50,532 

63.60 

366,112 

163.32 

609,342 

463.81 

85,331 

139.27 

172,602 

265.50 

144,818 

179.50 

109,532 

101.00 

1,361 ,431 

288.93 

545,007 

472.55 

48,060 

216.41 

159,912 

272.50 

76,672 

134.26 

66,220 

94.41 

1,101,171 

310.00 

64,335 

389.76 

37,271 

39.80 

12,690 

117.32 

68,146 

230.40 

43,312 

111.06 

260,260 

199.77 


Source — U.S. Department of Agriculture. Pacific Northwest Region includes Oregon and Washington. 


^Preliminary. 
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(In thousand board feet, Scribner scale) 
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(In dollars per thousand board feet) 
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Table 36 — Average stumpage prices for sawtimber sold on National Forests by selected species. Northern Region, 1970-81 
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Table 37-Volume of timber sold on publicly owned or managed lands in Alaska, 1976-81 
(In thousand board feet, Scribner scale) 
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Table 38 — Average stumpage prices of timber sold on publicly owned or managed lands in Alaska, 1976-81 

(In dollars per thousand board feet) 
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YEAR AND 

SITKA 

WESTERN 

CEDAR AND 

ALL 

QUARTER 

SPRUCE 

HEMLOCK 

OTHER SPECIES 

SPECIES 

1970 

21.40 

7.70 

47.80 

12.90 

1971 

13.30 

2.20 

20.90 

6.20 

1972 

7.30 

7.90 

1.00 

7.60 

1973 

13.30 

11.50 

21.10 

12.50 

1974 

41.80 

22.30 

41.70 

28.80 

1975 

33.00 

18.10 

60.70 

23.20 

1976 

25.10 

12.00 

67.30 

28.00 

1977 

65.00 

65.00 

4.00 

63.00 

1978 

99.17 

4.27 

136.17 

40.57 

1979 

289.50 

100.00 

161.70 

142.70 

1980— 





1st quarter 

7.90 

5.80 

15.00 

8.10 

2d quarter 

58.70 

7.60 

25.20 

28.80 

3d quarter 

215.70 

18.50 

461.50 

102.30 

4th quarter 

0 

0 

0 

0 

1980 average 

213.30 

18.40 

437.40 

101.10 

1981 — 





1st quarter 

168.10 

2.00 

45.30 

36.80 

2d quarter 





3d quarter 





4th quarter 





1981 average 


Source — Forest Service, U.S. Department of Agriculture. Alaska 
Region is the State of Alaska. 
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Luwpage prices of timber sold on publicly owned 



YEAR AND 
QUARTER 

DOUGLAS- 

FIR 

PONDEROSA 

AND 

JEFFREY 

PINES 

SUGAR 

PINE 

LODGEPOLE 

PINE 

CEDARS 

TRUE 

FIRS 

ALL 

SPECIES 

1970 

25.60 

32.20 

38.60 

3.70 

14.00 

4.20 

32.00 

1971 

27.50 

33.00 

46.40 

2.40 

30.30 

7.10 

26.00 

1972 

40.70 

65.80 

66.60 

5.40 

50.10 

30.20 

47.40 

1973 

84.80 

108.60 

89.30 

12.40 

86.40 

70.20 

83.10 

1974 

87.00 

101.40 

104.00 

6.50 

112.00 

41.70 

81.80 

1975 

51.40 

71.00 

99.00 

22.40 

79.90 

19.70 

53.80 

1976 

76.00 

101.80 

185.00 

6.50 

84.00 

23.40 

80.40 

1977 

124.30 

131.40 

168.50 

165.20 

337.90 

50.60 

121.10 

1978 

131.10 

164.70 

169.20 

136.20 

516.40 

79.80 

148.10 

1979 

186.60 

239.00 

375.40 

25.40 

497.10 

96.00 

206.20 

1980— 








1st quarter 

209.50 

199.70 

476.80 

541.80 

784.50 

87.40 

227.50 

2d quarter 

101.80 

173.50 

511.20 

274.10 

648.90 

56.90 

195.20 

3d quarter 

181.70 

231.70 

804.90 

20.20 

518.20 

185.10 

288.40 

4th quarter 

360.40 

140.20 

452.20 

59.90 

120.00 

55.80 

201.00 

1980 average 

189.50 

206.10 

671.40 

252.80 

559.90 

133.40 

252.20 

1981 — 








1st quarter 

194.70 

354.20 

388.60 

117.20 

58.70 

95.30 

204.70 

2d quarter 








3d quarter 








4th quarter 








1981 average 








Source — Forest 

Service, U.S. 

Department of 

Agriculture. 

Pacific Southwest Region 

is the 

State of 


Cal ifornia. 
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YEAR 

ALLOWABLE 

CUT 2 

UNCUT 

VOLUME UNDER 
CONTRACT 

RATIO 

1970 

1,151 

2,041 

1.8 

1971 

1,196 

1,876 

1.6 

1972 

1,249 

1,665 

1.3 

1973 

1,196 

1,390 

1.2 

1974 

1,196 

1,503 

1.3 

1975 

1,196 

1,838 

1.5 

1976 

1,196 

2,077 

1.7 

1977 

1,183 

2,066 

1.7 

1978 

1,183 

2,204 

1.9 

1979 

1,133 

2,224 

2.0 

1980 

1,134 

2,484 

2.2 


Source — Bureau of Land Management. 

Us of December 31 of each year. 

^Includes an estimated 24 million board feet for eastern 
Oregon. 
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Ttm HNU 


QUARTER 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 



Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Number 

bd ft 

Number 

bri ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

1970 

0 



0 

„ 

0 

__ 

9 

25,430 

0 


9 

37,557 

5 

5,975 

1971 

0 

— 

0 

— 

0 

— 

8 

20,285 

0 



21 

64,198 

1 

7,170 

1972 

0 

— 

0 

— 

0 

— 

23 

84,440 

0 

— 

0 



0 


1973 

0 

— 

0 

— 

2 

25,600 

12 

18,740 

0 



0 



0 



1974 

4 

30,100 

0 

— 

4 

46,300 

33 

172,615 

1 

650 

8 

26,860 

11 

63,527 

1975 

4 

13,855 

0 

— 

5 

56,920 

18 

147,050 

2 

2,135 

8 

56,320 

17 

66,390 

1976 

1 

2,26 3 

0 

— 

1 

15,200 

7 

68,250 

0 



2 

8,350 

4 

10,658 

1977 

3 

13,800 

7 

63,290 

8 

69,000 

13 

192,500 

0 

— 

10 

70,450 

15 

76,379 

1978 

4 

43,500 

0 

— 

1 

357 

15 

161,500 

0 

— 

0 

— 

20 

83,836 

1979 

5 

42,760 

4 

2,150 

11 

79,460 

0 

— 

0 

— 

19 

11,575 

34 

86,586 

1980 

1981 — 

2 

20,400 

3 

2,032 

6 

44,360 

16 

113,140 

0 

— 

18 

6,763 

44 

26,525 

1st qtr. 
2d qtr. 

3d qtr. 

4th qtr. 

1 

165 

0 


0 


0 


0 


3 

416 

7 

30,640 


1981 total 



0CH0C0 

OKANOGAN 

OLYMPIC 

ROGUE 

RIVER 

SISKIYOU 

SIUSLAW 

UMATILLA 

YEAR AND 
QUARTER 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 



Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

1970 

0 


3 

18,700 

7 

26,675 

0 


0 


0 


2 

22,000 

1971 

0 

— 

4 

14,860 

3 

15,140 

0 

— 

0 

— 

0 

— 

0 

— 

1972 

0 

— 

0 

— 

8 

32,897 

0 

— 

0 

— 

8 

26,356 

11 

190,116 

1973 

0 



0 



22 

92,199 

0 

— 

1? 

94,680 

14 

72,701 

5 

22,400 

1974 

0 

— 

3 

19,000 

12 

78,990 

28 

98,752 

12 

52,775 

34 

174,471 

11 

74,710 

1975 

3 

39,550 

2 

21,000 

8 

53,042 

24 

143,665 

22 

59,331 

26 

201,478 

5 

20,620 

1976 

3 

19,270 

2 

9,300 

5 

45,579 

18 

46,254 

7 

22,335 

17 

118,763 

6 

23,110 

1977 

0 

— 

1 

11,500 

2 

30,926 

25 

100,807 

14 

50,980 

17 

91,027 

7 

31,100 

1978 

5 

34,300 

0 

— 

6 

44,615 

47 

171,251 

13 

62,300 

39 

231,303 

0 

— 

1979 

3 

23,500 

7 

20,105 

12 

106,105 

50 

110,818 

2 

270 

16 

120,834 

4 

35,500 

1980 

1981— 

1 

7,700 

2 

10,600 

12 

69,100 

31 

123,125 

7 

29,510 

7 

45,137 

3 

18,200 

1st qtr. 

2d qtr. 

3d qtr. 

4th qtr. 

0 


0 


0 


16 

31,020 

0 


20 

98,274 

1 

6,500 


1981 total 




UMPQUA 

WALLOWA- 

-WHITMAN 

WENATCHEE 

WILLAMETTE 

WINEMA 

ALL 

FORESTS 

YEAR AND 
QUARTER 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 

SALES 

VOLUME 



Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Thousand 


Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

Number 

bd ft 

1970 

2 

7,316 

0 



3 

3,386 

0 



0 


40 

147,039 

1971 

0 



0 



0 



0 

— 

0 

— 

37 

121,653 

1972 

0 



0 



0 



0 

— 

0 

— 

50 

341,809 

1973 

0 



8 

77,400 

0 



7 

58,510 

5 

22,460 

92 

484,690 

1974 

22 

124,807 

0 

— 

0 

— 

7 

61,520 

5 

35,550 

195 

1,060,627 

1975 

29 

146,668 

0 



2 

17,400 

10 

137,810 

9 

69,600 

194 

1,271,634 

1976 

21 

55,093 

0 



0 

— 

19 

121,100 

5 

38,040 

118 

603,565 

1977 

29 

128,705 

0 



0 



48 

174,585 

8 

35,110 

207 

1,148,159 

1970 

29 

125,330 

0 



0 



33 

177,660 

13 

60 , 006 

225 

1,195,958 

1979 

35 

169,212 

0 



5 

23,100 

53 

146,366 

6 

59,050 

266 

1,045,391 

1980 

1981— 

31 

166,650 

7 

1,799 

4 

18,000 

83 

197,229 

4 

30,400 

281 

930,670 

1st qtr, 

2d qtr. 

3d qtr. 

4th qtr. 

30 

91,385 

1 

135 

1 

500 

6 

2,036 

5 

50,450 

91 

311,521 


1981 total 


Source — Forest 
ljuly 1, 1974, 
^ July 1, 1974, 


Service, U.S. Department of Agriculture. Pacific Northwest Region includes Oregon and Washington. 
Colville National Forest in Washington became part of the Pacific Northwest Region. 

Snoqualmie National Forest was merged with the Mount Baker National Forest. 
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Water U-Tu 
Nononi ef e 







i-xcuuc uc^nux4uc. cljl acuxL «, uciyi±ium, cnr uiii-Luin , cupper, manganese, hick, 
selenium, vanadium, zinc, antimony, sodium, and potassium. The cadmium 
lead concentrations were too low in each of these coals to be detected 
this flame technique; therefore, these elements were then determined by 
flameless graphite furnace technique utilizing apparatus specifically p- 
chased for this determination. The apparatus will also be useful for o 
low-concentration level determinations. 

The solutions for flame and furnace atomic absorption as well as f' 
atomic emission were prepared by dissolving the ash in teflon beakers w 
aqua regia/hydrofluoric acid (1:1) by boiling to dryness, adding nitric 
and diluting to volume. 

Arsenic, selenium, and antimony were determined by a unique proced- 
developed at BCR based on Eschka fusion, hydride generation, and atomic 
absorption using a hydrogen-argon flame. This procedure is presently b< 
considered for round-robin testing by ASTM Committee D05 on Coal and Co' 

Mercury was determined by a combustion bomb method developed at BC' 
by a double-gold amalgamation system constructed at BCR. Both techniqu 
involve flameless atomic absorption and both are being considered for ro 
robin testing by ASTM Committee D05 on Coal and Coke. The first method 
been tested with a great deal of success. Testing of the double-gold a: 
gamation system has been hampered by so few of the systems being availa 

Fluorine was determined by a combustion bomb-selective ion electro 
method. As the work progresses, the analytical techniques used, partic 
for the trace-element determinations, including the most recent refinem 
are being written, tested, and modified where needed. Later they will 
incorporated into an analytical procedures manual for submission with t 
final report for this sponsored program. 

The results of analyses are displayed on data sheets developed to 
the results of each analytical determination for each of the various fr 
obtained during the cleaning. One example of these is shown as Figure 
which contains the ash content for all of the fractions obtained during 
cleaning of coal 1R, the first coal. From the data in this figure and 
the other similar data sheets, obvious analytical errors can be immedia 
spotted. In this case, they could be observed readily as interruptions 
the trend of low to high ash content from clean coal to refuse fraction 
With the voluminous data being obtained during the course of this proje 
would be easy to miss such simple errors caused, perhaps, by an incorre 
recorded sample number. In one case in a previous study, each fraction 
tained had a higher concentration value than the feed from which it cam 
This was traced to a dilution error during analysis. Displaying the da 
in Figure 6 minimizes the chances for these kinds of errors. 


The analytical results for the individual samples are displayed as 
Figure 7. The individual samples were also divided into groups for a c 
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Analytical Lab No 

■ -27-1071 

Sample Code No: 

1R-3M-2HC 


PROXIMATE, X 


ELEMENT, ppm 


Moisture 

0.64 

Arsenic 

15.8 

Ash 

8.47 

Beryllium 

1.34 

Volatile Matter 

32.8 

Cadmium 

0.045 

Fixed Carbon _ 

58.7 

Chromium 

16.3 

ULTIMATE, % 


Copper 

13.7 

Carbon 

78.4 

__ Fluorine 

65.9 

Hydrogen _ 

5.20 

Lead 

6.64 

Nitrogen _ 

1.44 

Manganese 

21.1 

Sulfur 

1.48 

Mercury (ppb) 

384 

Chlorine 

0.20 

Nickel 

14.1 

Oxygen 

4.81 

Selenium 

3.08 

SULFUR FORMS , % 


Vanadium 

30.4 

Sulfate 

0.00 

Zinc 

19.9 

Pyritic 

0.91 

Antimony 

0.94 

Organic 

0.57 



MISCELLANEOUS 




Calorific Value 

Btu/lb _ 

13,934 



MAJORS IN ASH, % 




S±0 2 45.4 


Silicon 

18,200 

A1 2 0 3 25.7 


Aluminum 

11,700 

Fe 20 3 16 . 0 


Iron 

9,620 

MgO 0.86 


Magnesium 

450 

CaO 5.82 


Calcium 

3,580 

Ti0 2 1.38 


_ Titanium 

711 

MnO 


_ Manganese 


Na 2 0 


Sodium 

135 

K?0 


Potassium 

1,490 

S0 3 1.52 

Pi 055 0.56 


Phosphorus 

210 


BCR FORM P82 


I 




tion of the f nal 4^ t detail for use by coal industry and oth« 

development in stiff ici 

tories involved in similar work. 


Petrogr a phic Methods 


Petrographic analyses were e paStes d evolved P from the gravity . 
designed to characterize coa involve the use of a light 

and sizing techniques. The ® e a “J d inc i u ded impurities 

S irsfpa^e^Te^rUov^raUses were used to optically 

each sample: 


composition : To identify and quantify the organic cons 
ents characterizing the subject separate. 


PyrO, node of occurence: To determine the relative associa 
of t he write impurity ItT tb. coal. (Free, eurfece, or encased 


Pvrite size : To measure and quantify the mean projected art; 
eter of the pyrite associated with the coal. 


Results of the petrographic analyses will not be discussed \ 
brief paper. 


Data Evaluation 

Purther evaluation of the data was aided by use of a compute 
balances were calculated and concentrations of the products were 
(a) based on the ultra-clean and clean coal fractions No. 1 and 1 
on the ultra-clean and clean coal as well as the non-pyrite refus 
No. 1, 2, and 3; and (c) based on the middlings fractions No. 2 i 
might, in a real situation, be subjected to additional cleaning, 
of the computer printout for the program written for the mass ba 
culatlons is presented in Table 1. A differential value between 
and composite is also calculated and displayed in order that jud 
be made on the entire operation including the cleaning and analy 

Most of these calculated values might not be needed to eval 
coal and each group; however, they will he available and are eas 
while the data are first being entered into the computer rather 
to reenter all of the data at some later time. Por one coal, th 
balances for 37 constituents and 18 different groups of feeds an 
fractions could result in a total of almost 700 sets of individu 
tions, such as that displayed in Table 1, available for evaluati 



TABLE 1. SAMPLE PRINTOUT FROM MASS 
BALANCE CALCULATION PROGRAM 


FRACTION WEIGHT SULFUR WEIGHTED 

NUMBER FRACTION CONCENTRATION CONCENTRATI 



i 

0.574 

1.09 

- 

0.626 


2 

0.155 

1.76 

m 

0.273 


3 

0.055 

3.80 

- 

0.209 


4 

0.216 

3.58 

- 

0.773 



1.000 



1.881 

[C] 

IN FEED 

- 1.76 

(COMP. -FEED) 

DIFFERENTIAL - 

[C] 

IN CLEANED 

COAL - 1.232 


X 

REMOVED - 

*[C] 

IN CLEANED 

COAL « 1.413 


*X 

REMOVED - 

rcj 

IN MIDDLINGS « 2.294 


* 7 . 

YIELD 

rc] 

IN REFUSE 

- 3.625 


7 . 

YIELD 


to demonstrate tne reiationsnips between the percent removed or each co 
uent with the percent removed of every other constituent. This was don 
an additional means of comparing the effectiveness of the fugitive eleu 
removal of the two coals. At this time, the percent removed was select 
as the parameter to be evaluated. Later, when data for more coals are 
able, relationships between concentrations will be examined more thorou 

RESULTS AND DISCUSSION 


Cleaning, analyses, and data evaluation of two coals are complete, 
coal is a mixture of Upper and Lower Freeport seams and the other an II 
No. 6 seam. Work on additional coals is in progress. The data were us 
evaluating the effect of such cleaning on fugitive elements. 

Coal Sampling 

A list of the twenty coal seams to be sampled is shown in Table 2. 
of these have already been acquired and are available to the project. 

Coal Cleaning 


The first three coals were extensively cleaned using both Procedur 
and Procedure B; the fourth coal involved only the shorter Procedure A. 
the weight percent, ash, total sulfur, and calorific value data for the 
two coals, the cleaning strategies employed were particularly effective 
the separations needed to attain the objectives of the project were bei 
achieved . 

Washability studies were utilized primarily to determine how much 
could be produced at a given specific gravity and to define the ash and 
fur characteristics of the coal at that gravity. A washability study v 
made by testing coal samples at carefully controlled specific gravities 
analyzing the specific gravity fractions for ash and sulfur contents, 
table was developed detailing the weight percentages and the ash and st 
analysis for each fraction. The data were then mathematically combined 
Cumulative float” and Cumulative sink" for both ash and sulfur and we 
utilized to develop "washability curves” which helped to characterize t 
coal. One example of the washability tables developed for this study, 
one for the first coal, is presented in Table 3. The tables detail the 
aration gravities, the corresponding weight percentages, and the ash ai 
sulfur analyses for each of the three size fractions. 

The washability curves for the 31.8 x 6.35-mm (1-1/4 x 1/4-inch) i 
tion of coal 1R which was cleaned utilizing the heavy media unit are si 
in Figure 9. Five curves are plotted on the chart: cumulative float c 
(CFA) , cumulative float sulfur (CFS), cumulative sink ash (CSA) , cumulc 
sink sulfur (CSS), and the yield curve. As stated previously, these ci 
can be used to determine how much coal may be produced at a given spec: 


TABLE 2. COALS TO BE USED IN BCR FUGITIVE ELEMENT STUDY 


Sample 

Seam 

Sample 

Seam 

i 

Upper /Lower 

11 

Pocahontas 


Freeport 


No. 3 

2 

Illinois 

No. 6 

12 

Stockton 

3 

Rosebud 

13 

Sewell 

4 

Beulah-Zap 

14 

Mary Lee 

5 

Hannah 

No. 60 

15 

Kentucky 

No. 9 

6 

Adaville 

No. 1 

16 

Illinois 

No. 5 

7 

Castle Gate 

B 

17 

Imboden 

8 

Lower Kit- 
taning 

18 

Upper Elk- 
horn 

9 

Pittsburgh 

19 

Pittsburgh 

10 

Meigs Creek 

20 

Lower Kit- 
taning 


TABLE 3. WASRABILITY ANALYSIS OF COAL 1R 
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I i o SPECIFIC GRAVITY 


FLOAT 0 4' 8 12 16 20 


, j CUMULATIVE ASH, P ERCENT 

FL0A T 1 1.2 14 1.6 2 ' 1 Y-r- 


CUMULATIVE SULFUR, PERCENT 

fi9ure r w »^obim y , or fh . ,, /4 x , 4 , 

Fractions of Coal 1R 





By referring to Figure 9, it can be seen that if a 1.55 specific gra 
ity were chosen for the cleaning gravity of the 31.8 x 6.35-mm (1-1/4 x 1 
inch) fraction of coal 1R, the following results would be expected: the 
yield in the float fraction would be 72.9 percent of the total feed coal, 
the float fraction would contain 9 percent ash and 1.23 percent sulfur, t 
sink fraction would contain 71.7 percent ash and 3.6 percent sulfur. It 
should also be noted that the slope of the cumulative float curves gives 
quick estimate of the difficulty of cleaning a coal. The greater the slo 
the more near-gravity material and the more difficult the coal is to clea 

By interpreting the data presented and by utilizing the washability 
curves, general statements can be made about the characteristics of the t 
coals and the response of the coals to cleaning. 

For example, it can be inferred that coal 2R is more resistant to pu 
verization than 1R. Coal 2R contains a higher percentage of material in 
coarse size fraction, 31.8 x 6.35-mm (1-1/4 x 1/4-inch), and a lower per- 
centage in the fines, 30 x 270-mesh, than coal 1R. The higher percentage 
the coarse screen fraction of coal 2R indicates that less degradation oc- 
curred during the screening, implying that coal 2R is harder than 1R. 

When compared at a 1.45 specific gravity, the 6.35-mm (1/4-inch) x 3 
mesh fraction showed the best ash reduction potential for both coals. Th 
31.8 x 6.35-mm (1-1/4 x 1/4-inch) fraction of coal 1R had the highest per 
centage ash reduction (72 percent), but the feed ash was much higher than 
in the 6.35-mm (1/4- inch) x 30-mesh fraction, which yielded a higher floa 
ash even with the 72 percent reduction. The ash reduction potential at t 
1.45 gravity was poor for both coals at the 30 x 270-mesh size range. Fr 
the washability curves, a lower specific gravity separation for the 30 x 
270-mesh fractions would yield a better cleaning response. 

Coal 1R showed better total sulfur reduction potentials than 2R for 
size ranges at the 1.45 specific gravity. Coal 1R inherently has a lower 
sulfur content at the run-of-mine level and also proved, even for the 30 x 
270-mesh fraction, to be easier to clean to an acceptable sulfur level. 

The changes in the Btu levels between the raw coals and the coals wa 
at 1.45 gravity were not significant. Only the 31.8 x 6.35-mm (1-1/4 x 1 
inch) fraction of coal 1R showed a reasonable increase, 22.9 percent. Tt 
fine fractions, 30 x 270-mesh, of both coals showed a large reduction in 
Btu's when cleaned at 1.45 gravity. Again, a specific gravity lower thar 
1.45 would show a better response for the fines of both coals. 


t h e trace^lements for coal 1R is 27 ppm; for coal 2R, it is 2. 
coal 3 r! it is 15 ppm. For the lignite, coal 4R, the average o 
for the’ same 14 elements is only 8 ppm. 


Thirty-eight constituents of samples of each of the first : 
coals, including the run-of-mine sample, were determined. Con 
samples was a continuing problem throughout the study. Instan< 
chromium, copper, lead, nickel, and zinc contamination were Id. 
documented. These will be described thoroughly both in a fort! 
and in a report on analytical procedures. Contamination was h. 
mum by routinely analyzing reagent blanks and other material u: 
project such as the magnetite used in the heavy media separat It 


Every determination was done in duplicate. Lack of duplie; 
immediately precipitated an additional determination. Wheneve; 
as time allowed, more than one procedure was used for the tract 
terminations as a check on the accuracy of the analytical valut 


Finally, as a continual check on the analytical procedures 
project, National Bureau of Standards (NBS) certified ref'erenc 
SRM-1632 Coal and SRM-1633 Fly Ash, were analyzed along with e. 
of-mine coal and its cleaned fractions. One example of the tv; 
ment normally obtained between the determined value:; and the N! 
values is presented in Table 5. 

A more thorough description of the analytical procedure-; at 
precision and accuracy studies is programmed at the end of the 
funded portion of this program, when the twenty coal:; have beer 
analyzed and the effect of the cleaning on fugitive element:, ha 
mined. 


Mass Balance Calculations 

The analytical data for each coal were used in calculat ing 

or the various individual cleaning schemes for each coal. Tht 

tor each of the determined constituents were calculated: (a) t 

bfr™n! y -° f 5* Cleaned fra ctions and the validity of the anal 

^IterS? »na t ^, sumaati ° n of the ^terials in each fraction wl 

ent as the reduction or enrichment of e,- 

ent as a result of the cleaning process. 

rated 0 fracSnn 0nStl£U f, t, 1 the concen fration determined in a pat 
reJortS to ZTl multi P lied * the weight fraction of the L 
ne. The weighted concentrations thus obtalr 


TABLE 4. COMPARISON OF CONCENTRATIONS OF RUN-OF-MINE 
COALS 1R, 2R, 3R, AND 4R (dry coal basis) 


Coal 1R Coal 2R Goal 3R 


Ash, percent 

22.3 

16.0 

15.8 

Total Sulfur, percent 

2.30 

2.73 

1.18 

Chlorine, percent 

0.12 

0.33 

0.01 

Pyritic Sulfur, percent 

1.78 

2.01 

1.02 

Organic Sulfur, percent 

0.46 

0.50 

0.14 

Arsenic, ppm 

40.2 

11.0 

8.54 

Beryllium, ppm 

1.84 

1.10 

0.87 

Cadmium, ppm 

0.08 

0.47 

0.12 

Chromium, ppm 

29.7 

21.1 

8.21 

Copper, ppm 

22.1 

11.0 

13.2 

Fluorine, ppm 

115 

113 

63.6 

Lead , ppm 

15.4 

21.8 

12.8 

Manganese, ppm 

50.0 

36.8 

65.2 

Mercury, ppb 

662 

154 

154 

Nickel, ppm 

20.9 

18.4 

4.98 

Selenium, ppm 

6.20 

1.83 

1.61 

Vanadium, ppm 

44.4 

26.2 

14.0 

Zinc, ppm 

35.5 

91.8 

12.8 

Antimony, ppm 

1.09 

0.40 

1.78 

Sodium, ppm 

448 

1,230 

248 

Potassium, ppm 

5,460 

2,980 

1,110 

Silicon, ppm 

57,800 

37,900 

39,800 

Aluminum, ppm 

30,800 

17,700 

20,200 

Iron, ppm 

21,100 

19,100 

8,560 

Magnesium, ppm 

1,360 

870 

3,150 

Calcium, ppm 

2,090 

3,110 

6,790 

Titanium, ppm 

1,670 

1,010 

1,090 

Phosphorus, ppm 

260 

160 

85 

Calorific Value, Btu/lb 

11,640 

11,902 

10,990 


TABLE 5. COMPARISON OF TRACE ELEMENT CONCENTRATIONS 
IN SRM-1632 COAL WITH NBS CERTIFIED VALUES 
(All values in ppm on a dry coal basis) 


Element 


Average ppm NBS Value, 

Determined PP m 


Antimony 

Arsenic 

Beryllium 

Cadmium 

Chromium 

Copper 

Lead 

Manganese 

Nickel 

Potassium 

Selenium 

Sodium 

Vanadium 

Zinc 


3.47* 

6.22 

1.63 

0.17 

20.5 

17.7 

31.7 

45.6 
14.1 

2,680* 

2.88 

362* 

36.4 

41.6 


not certified 

5.9 ± 0.6 
1.5+ 

0.19 ± 0.03 
20.2 ± 0.5 
18 ± 2 
30 ± 9 
40 ± 3 
15 ± 1 

not certified 

2.9 ± 0.3 
not certified 

35 ± 3 
37 ± 4 


* In agreement with other published values, 
t Informational value. 



The differential between composite and feed was obtained from each m 
balance calculation as follows: 

Differential = Composite Value - Feed Value 

Feed~Value x 100 

These values, since they indicate the extent of agreement between feed an 
product constituents, can offer much insight into both the cleaning and t 
analytical study. Judgments are possible on the cleaning process based o 
the agreement of many of the constituents within any one cleaning operati 
Poor agreement generally might indicate problems with the integrity of th 
samples obtained by cleaning; good agreement with the exception of one or 
two constituents, might indicate problems in the analytical determination 
of the constituents. A consistent positive or negative bias would indica 
gain or loss of a constituent during cleaning or analysis, or analytical 
problems with certain of the fractions, perhaps the clean coal or (more 
likely) the refuse. 

The average percent differentials for each of the first four coals a 
summarized in Table 6. The values presented in the table are the average 
(absolute value) from as many as 18 values from the individual cleaning o 
erations. Low values indicate good agreement between composite and feed. 
Obviously, there is a great deal of satisfaction with these values. For 
most part, the agreement was better for coals 1R, 2R, and 3R than it was 
coal 4R. 

Some of the lack of agreement can be attributed to the low concentra 
tions of trace constituents associated with this fourth coal. The concen 
trations in solution were often at or near the detection limits of the 
analytical methods. Additionally, slight contamination of trace constitu 
routinely experienced and tolerated in previous analyses exerted a greate 
influence on results at the low concentration levels. Such low concentra 
levels will probably be experienced with other coals for this project. 

Effect of Cleaning on Distribution and Removal 

The analytical data were used in evaluating the effect of cleaning t 
run-of-mine coals on fugitive element removal. An example of the type o i 
data available, a summary of the percent of each constituent removed as a 
result of cleaning coal 1R, is presented in Table 7. 

This calculation assumes the first two fractions as the cleaned coa] 
the last two as the refuse. The corresponding product recovery for each 
group is presented at the top of each column in this table. Most of the 
stituents which were concentrated, not removed, by the cleaning were not 
eluded in this table. For the most part, these were inherent parts of t\ 


AVERAGE r£.Kur,iNi 

COALS 1R, 2R, 3R, and 4R 


Ash 

Volatile Matter 
Fixed Carbon 

Carbon 
Hydrogen 
Nitrogen 
Total Sulfur 


Coal 1R Coal 2R 


2 

2 

1 


3 

1 

1 


1 

2 

2 

4 


1 

3 

2 

2 


Chlorine 
Pyritic Sulfur 
Organic Sulfur 


11 

5 

5 


6 

3 

3 


Calorific Value 


1 1 


Arsenic 

Beryllium 

Cadmium 

Chromiun 

Copper 


15 

8 

4 

3 

14 

21 

3 

8 

14 

17 


Fluorine 

Lead 

Manganese 

Mercury 

Nickel 


9 

7 

14 

14 

3 

7 

13 

61 

9 

8 


Selenium 

Vanadium 

Zinc 

Antimony 


6 

5 

6 
8 


15 

5 

21 

12 


Sodium 

Potassium 

Silicon 

Aluminum 

Iron 


10 

8 

4 

4 

5 


11 

4 

4 

4 

5 


Magnesium 

Calcium 

Titanium 

Phosphorus 


7 

7 

3 

6 


4 

7 

4 

11 


Average 


6 9 


Coal 3R 


5 

1 

1 

1 

3 
5 
5 

19 

7 

11 

1 

11 

5 
9 

7 

8 

6 
9 

4 

18 

25 

7 

3 
23 

n 

10 

4 

4 

3 
9 

11 

12 

5 

4 

8 


GROUP 


3 

4J 

•H - 

II 

III 

IV 

XII 

XIII 

XIV 

XV 

XVI 

XVII 

XVIII 

XIX 

VII 

VIII 

TX 

X 

Av. 


- 


1 
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73 

86 

80 

71 

76 

Product Recovery, 

79 80 83 81 

percent 

76 69 

82 

82 

75 

63 

77 
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Ash 

75 

60 

52 

73 

69 

67 

1 0 

66 

70 

73 

71 

52 

55 

71 

81 

67 

S T 

52 

54 

54 

78 

71 

65 

66 

60 

62 

66 

76 

68 

63 

72 

82 

66 

Cl 

8 

4 

15 

14 

11 

11 

7 

5 

6 

8 

8 

8 

7 

10 

13 

9 

s pyr 

65 

69 

66 

89 

83 

79 

82 

78 

80 

81 

86 

80 

78 

85 

91 

79 

S org 

10 

6 

15 

18 

14 

13 

12 

7 

8 

8 

10 

11 

10 

13 

26 

12 

As 

82 

79 

71 

92 

88 

88 

91 

86 

89 

88 

93 

87 

86 

93 

97 

87 

Be 

45 

22 

26 

38 

37 

28 

29 

26 

29 

38 

44 

23 

25 

37 

50 

33 

Cd 

63 

53 

52 

64 

68 

63 

66 

63 

78 

67 

69 

58 

56 

66 

78 

64 

Cr 

64 

41 

34 

51 

48 

45 

50 

46 

51 

56 

60 

35 

39 

55 

65 

49 

Cu 

61 

50 

48 

66 

63 

57 

61 

55 

58 

64 

64 

49 

48 

64 

76 

59 

F 

61 

42 

42 

55 

56 

53 

56 

43 

51 

55 

61 

30 

31 

49 

67 

50 

Pb 

71 

62 

59 

71 

70 

72 

73 

73 

75 

81 

65 

60 

66 

82 

88 

71 

Mn 

89 

77 

58 

85 

83 

82 

85 

81 

85 

87 

82 

69 

75 

87 

93 

81 

Hg 

55 

67 

69 

73 

72 

71 

65 

71 

70 

76 

82 

68 

64 

59 

92 

70 

Ni 

53 

42 

42 

60 

58 

64 

55 

45 

50 

61 

64 

46 

49 

60 

72 

55 

Se 

44 

65 

67 

82 

78 

73 

75 

74 

72 

79 

83 

74 

72 

80 

88 

74 

V 

63 

36 

31 

47 

39 

41 

42 

39 

44 

55 

58 

30 

32 

52 

66 

45 

Zn 

74 

58 

45 

71 

66 

61 

66 

62 

65 

71 

65 

51 

51 

67 

78 

63 

Sb 

29 

33 

28 

36 

42 

30 

35 

22 

32 

28 

52 

28 

29 

41 

60 

35 

Na 

73 

46 

45 

66 

61 

56 

61 

56 

61 

65 

64 

42 

46 

62 

73 

58 

K 

80 

67 

55 

73 

69 

53 

72 

69 

74 

78 

72 

49 

54 

73 

83 

68 

Si 

77 

61 

51 

72 

68 

67 

69 

68 

71 

74 

71 

49 

54 

71 

80 

67 

A1 

69 

52 

46 

65 

60 

59 

61 

58 

62 

68 

64 

42 

47 

63 

73 

59 

Fe 

73 

72 

67 

91 

85 

84 

86 

83 

84 

87 

87 

82 

78 

90 

94 

83 

Mg 

85 

67 

52 

72 

69 

70 

73 

72 

77 

84 

75 

48 

55 

74 

84 

70 

Ca 

53 

42 

38 

77 

76 

69 

67 

58 

58 

59 

62 

59 

59 

68 

76 

61 

Ti 

68 

* 49 

42 

59 

56 

52 

55 

52 

58 

64 

62 

43 

42 

60 

71 

56 

P 

46 

24 

34 

51 

44 

38 

43 

37 

31 

43 

53 

33 

35 

45 

61 

41 

Aver- 

age 

60 

50 

47 

63 

61 

58 

60 

56 

59 

63 

64 

49 

50 

62 

74 

58 


amounts in the feed. 


The averages by group and by constituent reflect generally gc 
of most of the constituents. Arsenic, iron, manganese pyrrtic su 
nium, lead, mercury, and magnesium were removed most effectively, 
antimony, phosphorus, and vanadium mere removed^ least_ effectively . 

* -i r 


aiiuimony , pnu&puuiuo, 

and organic sulfur were actually concentrated 


Similar data are available for each coal, assuming either the 
or first three fractions from the heavy media or the hydraulic c.la: 
separations as the cleaned coal. The data are further summarized, i. 
by constituent for the first four coals. The values presented in ’ 
are the averages from the individual values for each of the c. l.eun.ii 
tions, for example, from the last column on the right in Iablo 7. 

The differences in the effectiveness of cleaning each coal cai 
be seen from the data in Table 8. Most constituents were removed i 
fectively from coal 1R than from the other coals, but the product : 
was also the lowest for this coal. Cleaning was least effect ive w 
4R, the lignite. However, the principal reason for this is simply 
concentrations of the impurities in this coal, as previously displ, 
Table 4, were relatively low prior to cleaning. 


It must be pointed out at the same time that the calorific va 
coal was also the lowest of the four. Perhaps the concept of a on 
expression relating the concentration of impurities per calorific > 
ilar to the "pounds of sulfur per million Btu's," is needed to com] 
trace impurities in a wide variety of coals on an equal basis. 

Differences in the relative rates of removal for each coal cm 
observed from the data in Table 8. Cadmium and zinc were removed i 
tively from coal 2R than from the others. They were also present 
concentrations in this coal from the Illinois basin than in the oil 


Linear correlation coefficients and F-test ratios were calcul 
the constituents to demonstrate the relationships between the pore 
of each constituent with the percent removed of every other const i 
relationships were evaluated among "percent" of the constituents r 
group rather than among "concentration" of each constituent remove 
This was done simply because two coals are not a statistically sip. 

to P erm it drawing any specific conclusions concern i 
trat* eCt c ^ ean ^- n S them on fugitive element remova 

leaned? ^ meanin S ful later ^ the study when mo 


FOR ALL GROUPS 

Coal 1R Coal 2R Coal 3R Co. 


Product Recovery 

77 

87 

87 

Btu Recovery 

91 

97 

92 

Ash 

67 

48 

41 

Total Sulfur 

66 

46 

56 

Chlorine 

9 

8 

16 

Pyritic Sulfur 

79 

55 

61 

Organic Sulfur 

12 

9 

16 

Arsenic 

87 

53 

70 

Beryllium 

33 

20 

21 

Cadmium 

64 

77 

34 

Chromium 

49 

28 

29 

Copper 

59 

37 

28 

Fluorine 

50 

33 

26 

Lead 

71 

61 

31 

Manganese 

81 

65 

20 

Mercury 

70 

42 

41 

Nickel 

55 

25 

27 

Selenium 

74 

34 

45 

Vanadium 

45 

23 

25 

Zinc 

63 

71 

30 

Antimony 

35 

19 

22 

Sodium 

58 

25 

28 

Potassium 

68 

39 

53 

Silicon 

67 

43 

43 

Aluminum 

59 

42 

37 

Iron 

83 

65 

76 

Magnesium 

70 

42 

13 

Calcium 

61 

72 

14 

Titanium 

56 

34 

33 

Phosphorus 

41 

66 

21 

Average 

58 

42 

34 


The F-statlstic was then utilized in evaluating the relations 
at the selected confidence level. The relationships are summarize 
Table 9 for the first two coals. Only those having the highest de 
of correlation are listed. Even with the imperfect means of evalu 


These studies with the first tew coaxs, «« — 

inese bu coals have confirmed that remo 

Cl r» fifllXm S S^S-St. can be effected bv coal clean! 
See thus far with the coale reported here revealed diffcrl,,,- 
t, the various cleaning processes. Generalisations concerning th 
cleaning on fugitive elements are not possible at this time. Spe 
sions concerning elemental distributions are not possible either 
Some trends have already been noted and these will be reexamined 
statistically significant number of coals have been cleaned and a 
i , rt oic arp nlanned and already under wav. 


The program is flexibly designed to add or delete const l tuen 
by mutual agreement between the sponsor and BCR, as a result <>j n 
legislation, or by some new evidence of environmental eontaminat i 
extensive cleaning scheme will also be similarly modified when wa 
the initial results of the studies. Milestones in report frig lor 
include a report in preparation on the state-of-the-art of fuK.it i 
emissions as they relate to the coal industry, as well as, two t in, 
one describing the results of the studies, the other Inc 1 uding .1 1 
description of the analytical procedures used in the study. 
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ABSTRACT 


The aqueous drainage from 

* roE/EC l“ d c s °/ SnVS P.SSS wastes! to identify th 
drainage from coa ' s ^ effluents, and to define nece 

mentaT control 3 technology for this form of environmental pel lot 
Sha lls Sf This program is on the laboratory assessment of env 
trol options for the drainages from high sulfur coal , and coa 1^ 
presentation will review some of the accomplishments of t his r e 
to date, and discuss the various drainage control options av.nl 

industry. 


INTRODUCTION 


It has been well established that the drainage from coal refuse 
highly contaminated with trace or inorganic elements; however, 
about the quantities of undesirable elements that are released 
ronment from this source. t 1 ' Development of the necessary corit.ru 
for human and environmental protection requires quantitative ev 
'extent and severity of the problem. LASL has been directed by 
assess the nature and magnitude of the trace elements in tin* dr- 
preparation wastes, to identify the trace elements of greatest, 
concern in these materials, and to evaluate required pollution 
gy for this form of environmental contamination. 


The research in this program is being conducted in several phas 
phase included studies of the structure and weathering and lenc. 
of the trace elements in selected samples of high sulfur refuse 
These investigations established the overall potential of those 
cause trace element contamination, and revealed the identities 
trace elements of concern in the refuse and coal pile effluents 
ion gathered on refuse and coal structure and environmental bet 
the basis for the present phase of the program, which involves 
development of control technology to lessen the environmental i 
element pollution of coal or refuse associated waters , 


Research has now been started to identify suitable means to cot 
ment contamination of the drainages from high sulfur coal prep. 

2 bn!! !! n ! C lllqueS i Ca ! be roughly divided into three cat. 
immobilization or removal of contaminants nrinr tn H.cnnoi nf 


EXPERIMENTAL 


The coal preparation wastes used in this work were collected from three coal 
cleaning plants (designated Plants A, B and C) in the Illinois Basin. These 
samples of high sulfur coal refuse are typical of the wastes produced by cle 
ing of the major coal types currently mined in the region.^) 

Both static and dynamic leaching experiments were conducted to evaluate the 
havior of the trace elements in the Illinois Basin coal wastes under simulat 
environmental conditions and to test the effectiveness of potential environ- 
mental control methods. The static experiments were carried out by agitatin 
known quantity of crushed refuse or composite (50 g) in the presence of a co 
stant volume of distilled water (200 mu) for varying periods of time. In th 
dynamic or column leaching tests, a crushed sample (~ 1500 g) was packed int 
70-cm-long by 4.6-cm-diam glass column and distilled water was continuously 
monitored through the column at a rate of 0.5 m£/min. The elemental composi 
tions of the experimental leachates were determined by neutron activation an 
yses, atomic absorption spectrophotometry, optical emission spectroscopy and 
wet chemical methods. (2,3 ) 

RESULTS AND DISCUSSION 

Static and dynamic leaching experiments were performed to evaluate the trace 
element behavior of Illinois Basin coal wastes under simulated weathering co 
ditions. These experiments were done to provide information needed to predi 
quantitatively the trace element levels in the drainage from coal refuse dum 
or disposal areas and to identify those elements of environmental concern. 

Perhaps the single most important characteristic of the high sulfur refuse 
materials during aqueous leaching is their pronounced tendency to rapidly pr 
duce acidic leachates. This is due to the oxidative degradation of the pyri 
and marcasite present in the refuse. Acid formation is partially attenuated 
calcite or other neutralizing species in the refuse, but the leachates from 
Illinois Basin refuse samples that we studied nearly always had pH values in 
range of 2 to 4. These acid leachates are very efficient at dissolving or d 
grading many of the mineral components of the refuse, and thus releasing the 
trace or minor elements associated with them. 

Two types of trace element Teachabilities were observed for all of the Illin 
Basin refuse samples. Because of their abundances in the refuse some elemen 
(such as Fe, A1 , Ca, Mg) are released in relatively high absolute quantities 
Other, less abundant elements (for example, Ni , Co, Zn, Cu) are leached in a 
high proportion to the total of each present, although this may not be a lar 
amount in the absolute sense. The first group is highly concentrated in the 
leachates, the second is highly Teachable from the refuse. 


• 7 , " a nc fnr directly determining wmui u. «..»= me 

provides a means for a ec y interes t here, exceed concentr 

5m, 5 the^nvironment. Application of the MEG r 

safely assimilate uy iparhates obtained in this work, ar 

on the composition tufe has revea i e d that nine elements, 

information in J frequen i, y present in potentially hatardou 
’these elements are not necessarily the only ones in the r 
that rnnld conceivably be troublesome under all circumstances, t 
SS pri£lt“ 3 that are receiving the greatest emphasis i 
work on environmental control technology. 


Two basic approaches to effect trace element controls are bring 
this work The first involves methods to treat newly produced r 
either at’ the preparation plant or during disposal to prevent, th 
lease of trace elements from the disposal site. These technique 
fuse calcining, treatment of the refuse to remove acid forming e 
labile trace elements, and the application of adsorbent*, or at.t.e 
•to refuse disposal sites. The second approach concerns t.echniiju 
abate the trace-element composition of already contaminated wat.»* 
from refuse dumps or disposal areas. Under consideration here a 
as alkaline neutralization, ion exchange, reverse osmosis, <he!a 
cation of selected adsorbents. 


One of the more promising techniques under consideration to i i 
hazardous elements in high sulfur coal refuse materials is tail i 
fuse to high temperatures to produce an inert glass- 1 ite slag, 
this area is directed both at identifying the chemical and phys i 
brought about in the refuse structure as a result of the heat, fa- 
defining the consequent decreases in trace element mobilities. 


An initial set of calcining experiments was performed 
preparation wastes from Plant B (Illinois Basin). The 

rv'irckn’ nn 4* \nr\ Pi irn 4*^ 0/0 A * ~ ^ J i _ « • 
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crushing the refuse to -3/8 in. and calcining it. in a quart.- 
850 C in air for 6 h. The calcined material, which had part. 


sas.pie w 
t.u 

. , ,. Oil 

was reground to -20 mesh for subsequent studies. Ttie analysis > 
composition of the calcined refuse sample showed that; most’ of t.l 
retained in the calcined sample (Table I). A decrease in the ci 
just a few volatile components in the refuse was noted. Of’ par 
loss of sulfur that occurred as a result of the calc ini i 
ZTH a h V once P tr ; tlon of 13.4% S by weight in the non-calcined 
weioht b d Frn! P lh tr ® atl J en ^ y 1 e l ded a product that contained onV 
f efu ° m t L $tand f? lnt ° f r6m0Val of the acid-forming core 


THE EFFECT OF CALCINING AT 800°C ON THE 
TRACE ELEMENT COMPOSITION OF AN ILLINOIS BASIN 
COAL REFUSE SAMPLE 



Uncalcined 

Calcin 

Element 3 

Refuse 

Refus 

A1 (%) 

5.9 

11.5 

Mn 

144 

191 

Fe {%) 

11.0 

19.0 

Co 

30 

70 

Ni 

71 

no 

Cu 

35 

73 

Zn 

149 

296 

Cd (ppb) 

400 

290 

Pb 

34 

12 

S (X) 

13.4 

1.1 


Elemental compositions reported as ppm unless otherwise indicated. 


Another set of calcining and leaching experiments was performed to determine 
optimum heat treatment conditions necessary to chemically immobilize the pot 
tially toxic trace elements in the refuse matrix. These experiments were pe 
formed using high sulfur coal preparation wastes from Plants B and C ( 1 11 i no 
Basin). The wastes were ground to -20 mesh and calcined in air at 600°C, 80 
1000°C, and 1200°C for 2 h. The calcined residues were then statically leac 
(stirred with distilled H 2 O) for a period of 48 h using a ratio of 4 ms, H 2 O 
1 g of calcined refuse, and pHs and total dissolved solids determined. The 
data are summarized in Table II. It is seen that heating to 600°C and highe 
results in a leachate with an elevated pH -- this is a consequence of the re 
moval of the volatile, acid-forming sulfur component and is consistent with 
experimental data on sulfur volatilization. Calcining at 1000 C also result 
in a strong decrease in the leachate's total dissolved solids. Physically, 
samples calcined at 1000°C showed signs of sintering. It appears, based on 


Or nlun oulj ui\ 


l\Ul ww — 


Sample 

Calcining 
Temp.» C 

Sample 

Wt. Loss, % 

Leachate 

Ri L..~ 

Source 



Plant C 

Uncalcined 


c . y 

Plant C 

600 

23 

6.6 

Plant C 

800 

23 

6.2 

Plant C 

1000 

23 

7.H 

Plant C 

1200 

23 

8 

1 . 8 b 

Plant B 

Uncalcined 


Plant B 

1000 

38 

7.0 


a Static leaching of 20 g of crushed refuse with TOO nr ni water i 
^Leachate pH measured after 4.4 h of leaching. 


illustrated by the data from a comparison leaching exper i i:.* •!. * ir.. 
of the refuse samples (Plant C) that had been calcined -it. l-V* . r 
The calcined and uncalcined refuse samples listed in the fuLi<- h- 
jected to static leaching for 48 h. It is seen from the intnn -i 
table that calcining has essentially eliminated the arid o*-n<T.s*. 
of the refuse samples and that the TDS contents of tin* result ire; 
substantially reduced. More important is the fact that the mo 
the abbreviated group of toxic elements listed have beer; re.j : j ; .ed 
cined refuse leachates by about two orders of magnitude over tra- 
in the leachates produced from the raw refuse materials. 


Several methods are being considered to treat coal refuse during 
prevent the release of trace contaminants durino subsequent wash 
ing or leaching by surface or ground water. These include c o iis; 
refuse material with neutralizing agents or trace element, adsorb* 
application of water tight sealants to all or parts of the waste 


Especially promising among these techniques is the codisposal r; 

ovamni 9 S W1 J h a l k i . 1ne a 9 ents such as lime. In one set of exp 
a t™ Varying amounts (3 to 50 g) was slurr 
S?.?! s K!. 1 ? d ^ ate L wlth " 3 / 8 ln - high-sulfur coal refuse (530 c 


TRACE ELEMENT LEACHABILITY OF A PLANT C COAL REFUSE 
SAMPLE CANCINED AT 1000°C FOR 2 H.a 


Uncalcined Calc 

Refuse Ref 


pH b 

2.9 

7. 

TDS (%) 

.6 

• 

A1 

100 

<. 

Fe 

600 

<. 

Mn 

5.8 

• 

Co 

2.8 

<. 

Ni 

4.7 

<. 

Zn 

2.8 

• 


a Results from static leaching of 50 g of crushed refuse material 
with 200 ml of water for 48 h. 

b Leachate compositions reported as ppm unless otherwise noted. 


to ^3/8 in. particles. Four different lime concentrations were employed: ' 
1.5, 3 and 10 wt %. In addition, a control refuse sample that had not been 
lime- treated was also incorporated into this study for comparison purposes. 

Column leaching experiments were conducted with about 500 g of each of the < 
samples to determine the effects of the lime additions. The refuse mixture: 
were packed into pyrex columns 25 cm long by 5 cm diameter and subsequently 
leached with distilled water at a flow rate of 0.5 m£/min until more than 4 
of water had been passed through the refuse beds. The compositions of the 
ates after about 300 m£ of water had passed through the columns containing 
refuse are given in Table IV. 

Although the data are not listed in Table IV, the leaching experiments showi 
that the addition of 0.5 and 1.5 wt % lime to the acid refuse had only a smi 
influence on leachate pH and trace element concentration because the acid 
neutralization provided by these amounts of lime was overwhelmed by the aci < 
generating capability of the refuse. The additions of 3 and 10 wt % of the 
on the other hand (Table IV), did indeed effectively counteract the acid pr< 


Refuse + 3% Lime Rer 



Untreated Refuse 

(w r ni Refuse + 3% Lime 

pH b 

2 

7 

TDS {%) 

4 

0.4 

A1 ' 

720 

<0.6 

Fe 

7800 

40 

Mn 

22 

1 

Co 

12 

0.3 

Ni 

18 

0.5 

Zn 

29 

0.1 

a Results from column leaching experiments with 

Illinois B< 

(see text). 



b Leachate compositions are reported as ppm unle 

ss othurwi' 


The system containing 3 wt % lime is especially interesting beca 
of 7 was maintained for nearly the entire duration of the leachi 
(until 4.2 l had been passed through the column). TDS values fc 
lime combination were also very respectable (ranging downward fr 
wt %) especially considering that the dissolution of the lime it 
stanti ally to the dissolved solids content of the solution. 


Another potentially fruitful way to retain the Teachable contai 
refuse disposal site is to intermix the acid coal wastes with 
o trace element attenuating agents. An example of one of the 
in this area will illustrate the potential utility of the methi 


!ol?d 1 ^rE i S t ’- a f id l C coal refuse Achates were equilibr 

prior to SsiJa th^p 3 ln e Y alua £ their trace element attenu 
■iVHf . ^ in codisposal experiments The so 




leachate pH elevation, and attenuation of 13 trace elements that have been 
identified as being of greatest environmental concern in the Illinois Basil 
refuse effluents. The data have been isolated into different sections in 
VI to draw attention to some of the pertinent features. For example, si no 
solubilities of Fe + 3 and Al + 3 are very sensitive to pH in acidic solutions 
sorbents that are most effective in elevating the pH above a value of 5 an 
most effective in decreasing the concentrations of Fe and Al. In Table VI 
the pH, Fe, and Al results are grouped together it is seen that 7 of the V 
sorbents tested are very effective. 


TABLE V 

THE ATTENUATION OF TRACE ELEMENTS IN COAL REFUSE 
LEACHATES BY VARIOUS ATTENUATING AGENTS 3 



Untreated 
Leachate Control 

Scrubber 

Sludge 

Fly Ash 

pH b 

2.6 

7.3 

9.6 

Al 

10 

<0.2 

0.6 

Fe 

107 

<0.1 

0.2 

Mn 

4 

2.2 

0.04 

Co 

1.9 

0.7 

0.1 

Ni 

2.6 

0.8 

<0.05 

Zn 

1.0 

0.6 

0.02 

a Results from 
leachate for 

interaction of 50 g 
15 h. 

of attenuating agent 

with 150 i 


I' 


"’Leachate compositions reported as ppm. 
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osmosis, chelation and biological treatment. 

One of the most promising of these control techniques, alkaline neutraliza 
tion, is currently used extensively to treat acid drainage from coal mines 
While it is well known that alkaline neutralization is very effective in ci 
trolling the acid and overall salt compositions of mine waste waters, the < 
gree of control that this method exerts over some of the more highly Teach- 
able toxic trace elements remains to be established. 0) Elaboration of th 
latter point is the basis for one of the studies now being conducted in th' 
area. 


TABLE VII 

ALKALINE NEUTRALIZATION OF CONTAMINATED 
COAL REFUSE DRAINAGE 3 


Untreated 



Leachate Control 


Limestone 

Lim 

pH» 

1.1 

6 

7.1 

6. 

TDS {%) 

0.5 

3.4 

3.2 

3. 

A1 

18 

<0.2 

<0.2 

<0. 

Fe 

820 

0.06 

0.3 

0 . 

Mn 

3.6 

0.07 

6.4 

1 . 

Co 

2.0 

0.05 

1.0 

0 . 

Ni 

3.2 

0.05 

1.0 

0 . 

Zn 

3.9 

0.02 

0.1 

0 . 


a Results from addition of alkaline agent to 1£ of control leachate until 
indicated pH was achieved. 

b Leachate compositions reported as ppm unless otherwise indicated. 



LO 


trace element contents of them were measured. The results or these e: 
ments are summarized in Table VII. 

Examination of Table VII shows that neutralization is an effective tec 
for decreasing trace element concentrations in refuse waste water. Tl 
and Fe contents of the treated solutions are within acceptable limits 
the 1977 EPA effluent limitation guidelines for coal preparation plan! 
(Fe ^3.5 pg/m£ averaged for 30 days, pH 6-9). Mn, however exceeds the 
able level of 2.5-3 pg/m£ (averaged for 30 days) in the limestone case 
however, this was shown to be due to traces of Mn in the limestone use 
neutralization experiments. Further work in the area of alkaline neut 
of refuse drainage involves its application to more highly contaminate' 
to investigate coprecipitation phenomenon, and the scale up of the pro 
more life-like circumstances. 


SUMMARY 


The purpose of this paper has been to present an overview of research 
at the Los Alamos Scientific Laboratory to investigate experimentally 
the more attractive options for controlling trace element contaminatio 
refuse drainages. The control methods under consideration include che 
and physical methods to immobilize or remove undesirable contaminants 
refuse disposal, the treatment of refuse disposal sites with attenuate 

trpatrn ^ a J ts , t0 P reve " t the discharge of contaminated water, and the di: 
treatment of refuse drainage as it emerges from the refuse disposal si 
initial quantitative results from these laboratory studies suggest tha 
techniques being considered are technically feasible for effe?ti veil c< 
trace element contamination of refuse dump drainage. y 
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Abstract 

The cross section for particle collisions with an 
isolated magnetized fiber in air and water is given as a 
function of the physical parameters of the filter system. 
Two models for using the cross section to predict real 
filter efficiency are discussed. The analysis of particle 
in air shows a strong dependence of cross section on parti 
cle inertia and gravity and pronounced maxima in the cross 
section at small particle radii, features which are not 
present in liquids. The cross section in air is especiall 
sensitive to particle size at small particle radii and to 
the free stream velocity. The cross section in air is 
reasonably large for a range of conditions, which supports 
the view that economically practical applications of mag- 
netic filters in air-particle separations may be possible. 


seDaration to filter fine particles was SLimuid^a u t 
of Kolm et al (1,2) The so-called high gradient magi 
MpSSli method was subsequently used for ; commercli 
tical filtration of magnetic impurities from Kaolin 
A number of other practical applications ' w< ?re Poi 
0berteuffer(5) and recently many specific filtration 
in air and liquid streams, including coal related ap] 
have been discussed. 

The basic physical idea underlying the operatioi 
gradient type devices is simple*. If a ferromagnetic . 
placed in a magnetic field it becomes magnetized and 
particles. Many thin fibers placed transversely to 
netic field form a fibrous filter which, although su. 
porous to allow a relatively free flow of fluid, cap 
carries a substantial load of magnetic impurities. 

Work carried out at METC has been concerned with 
standing of the basic physical elements of the filtr; 
process. These studies have been on the dynamics of 
ture of particles by an isolated fiber and by a fibe: 
interior of a regular lattice of fibers. Here we sui 
the results and discuss their application to the ana: 
the performance of real filters. We consider two di: 
models for calculating the filter efficiency, the ls< 
model and regular lattice model. 

The cross section for capture has been calculat' 
isolated fiber and for a fiber in the interior of a 
fibers. (7) These calculations show that for a highl 
filter, say fiber spacings greater than eight fiber 
cross section for the isolated fiber and a fiber in , 
are approximately equal. This does not mean that th. 
interference effects in porous filters, for even tho- 
cross sections may be nearly equal in the two cases, 
of the shadows (in particle density) cast by fibers 
affect the efficiency of the filter as a whole. The 
fiber model neglects entirely the interference, incT 
shadows, of neighboring fibers, whereas the lattice i 
siders the fibers as a coherent array and accounts f 
effect of the lattice as a whole on particle traject 
isolated fiber model gives an optimistic estimate of 
ciency of a real filter whereas the lattice model sh 
vide a low estimate. We discuss first the isolated 
and present functional dependence of the clean fiber 
section on the filter parameters. The regular latti 
discussed in section 3. 


2. Isolated Fiber Model 


. , ±n , a with fiber perpendicular to the s 

the capture distance, x c , is the maximum value of 

" Uch the particle trajectory 


au±uii u, 5 IlUIIlUeX' U1 UdLi'^tJOa \ L JLU 

is 1/a 2 . If the fibers act independently the probabilit; 
of capture for a particle traveling a depth dy in the 
direction of the stream is -2x c dy/a . The probable chang 
particle density, dn, is 2x c ndy/a 2 and it follows that t: 
efficiency of a filter of depth y is 1 - exp (-2x c y/a 2 ) . 
These hypotheses explicitly neglect the shadows, i.e., 
neglect the nonuniformities in particle density in the 
transverse direction caused by capture of particles from 
the stream. For particles greater than 1 ym we do not 
expect that diffusion of particles into the shadows is 
sufficiently rapid to maintain the assumed transverse un 
formity . 

In the isolated fiber model the cross section is 
calculated in the approximation which neglects the effec 
of neighboring fibers. The interference effects are ace 
for by introducing an empirical factor, say k, in the ex; 
nent of the efficiency formula. If the fibers are orien 
in random directions with respect to the magnetic field, 
only that fraction of the fibers perpendicular to the fi 
should be counted, which correction may also be absorbed 
in the empirical factor k. If the theory is used to 
represent a filter operating over a period of time, the 
corrections to the cross section for buildup of particle 
on the fibers given by Luborsky and Drummond and 

Watson(9) should be applied. 

Even though the empirical correction required to br 
calculated and observed efficiencies into agreement is q 
large, (8,10,11, 12) the isolated fiber model has been use 
for identifying the significant physical parameters and 
for giving roughly correct functional dependence of effi 
ciency on the parameters. 

The isolated fiber cross section has been calculate 
by Watson^ 1 ^) and Luborsky (*0 for inertialess particles 
and by Lawson et_ al. (1*0 for particles with inertia. 
Usually, particle inertia is negligible for filtration o 
liquids and significant for filtration of gases, at leas 
for the size range usually considered in magnetic separa 
A well known order of magnitude argument shows that the 
onset of inertial effects should be expected at stokes 
number, K, greater than 0.1. However, even though the 
shapes of particle trajectories are in fact affected by 
inertia' 1 * 1 *^) at K > 0.1, the net effect of inertia on 
capture cross section is small up to K = 1 for cross sec 
greater than a fiber diameter. 

An idea of the range of particle size and free stre 
velocity for which particle inertia is negligible may be 
obtained from figure 1. To the left of the K = 1 curves 
particle inertia is negligible in the computation of cro 
sections for cross sections greater than a fiber diamete 



Log b, b in pm 

Figure I.* Curves of constant Stokes number and constar 
number for a 200 }im diameter fiber in water and air. 
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mining the flow field. For Reynolds number greater than 
potential flow, which neglects fluid viscosity, is proba 
an adequate representation of the flow on the front side 
isolated fiber. Below R = 10, potential flow misreprese 
fluid field, but for cross sections greater than a fiber 
meter the error incurred by this approximation may not b 
excessive. 

The isolated fiber cross section has been calculate 
a broad range of conditions which include filtration in 
For conditions such that particle inertia and the gravit 
tional force are negligible, the cross section depends 
single dimensionless parameter . (13 ) This parameter is t 
ratio of a magnetic quantity, v m , with the dimensions of 
velocity and the free stream velocity v*,. Increasing v m 
either by increasing v m or decreasing v MJ increases the 
section. 

When particle inertia and the gravitational forces 
significant, the cross section is a function of three di: 
sionless parameters, (1^» 15) Vco/vij, the Stokes number and 
V m/ V T» where Vrp is the terminal velocity of a particle f 
parallel to the free stream. The expressions for the si 
ficant parameters are 


v 


T " 


v + 2 Pp b 2 g(Pp-Pf> 

v co ~ 

9n 
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V = 2yBb 2 M, 
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2b 2 p p v T 
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There are nine physical quantities involved here, the pa 
properties , 

pp, mass density, 

b, radius, 

X, magnetic susceptibility, 
the fluid characteristics, 


Pf, mass density. 


B, the external magnetic field strength, 


The dependence of cross section on ^ h f inures S 2°ar 
parameters v /v T , K and v^/Vy Is s ^ s an £ cr oss 

ken! ?S e pa!«Iferln a a^5fwSS“.re rl in S a^ea^nt 
cross sections shown here, which provides a check on i 
theory for a small range of the parameters consldere , 
The cross section is shown in figures 4 to 11 as 
of the physical parameters B, b and v B . The cross < 
are for particles in air and water for low, moderate < 
particle susceptibility. As discussed above, in the 
fiber model, the cross section is used to calculate tl 
ciency from the expression 


efficiency = 1 - exp- 


k2X c ay 


ch 


where X = x c /a is the cross section in units of the 
diameter. Taking k = 1 neglects fiber orientation an 
ference effects entirely and provides an upper bound 
efficiency of a real filter. In section 4 we will di 
certain prominent features of the cross section curve 
first we consider the lattice model of a filter. 


3. Regular lattice of Fibers. 

We give now a brief description of the regular 1 
and the results of the calculation of trajectories an 
section. The details of the analysis and full accoun 
results are given in reference 7. The lattice consis 
parallel circular fibers with fiber axes perpendicula 
magnetic field. The fluid flow and gravitational fie 
parallel and directed oppositely to the magnetic fiel 
rectangular and rhombic lattices have been studied. 

The external magnetic field magnetizes the fiber 
each fiber acquires a uniform magnetic moment per uni 
length in the direction of the magnetic field. The r 
field is the external field plus the field caused by 
netized fibers. The fluid field is the sum of the ur 
flow and the fluid disturbances caused by the circuls 
We have developed analytical expressions for the resu 
fields which represent a lattice with its longest din 
in the direction of the field. From these expression 
forces on a magnetic particle in the interior of a l' 



Magnetic parameter, v m /v t 

Figure 2.- Cross section as a function of v m /vt for fix 
Stokes number, K, and gravitational parameter v„/v t . 
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Figure 3. - Cross section as a function of Stokes n 
for fixed magnetic parameter and gravitational para 
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Figure 5.- Cross section in water as a function of par 
parametrized by the free stream velocity, v^,, for fixei 
particle suscepti bi I i ty ,x. and two values of the magne'ti 
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Figure 6. - Cross section in air as a function of part 
radius, parametrized by the free stream velocity, v«, , 










Figure 7. - Cross section in air as a function of 
radius, parametrized by free stream velocity, v 

high particle susceptibility and two values o7n 
field B. 
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Figure 8.- Cross section in water as a function of magn 
field, parametrized by the free stream velocity, v w , fc 
low particle susceptibility and two particle radii. 






Figure 9.- Cross section in water as a function of n 
field, parametrized by the free stream velocity, 
fixed high particle susceptibility and two particlT 
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Figure 10.- Cross section in air as a function of magnet 
field, parametrized by the free stream velocity, v„, for 
low particle susceptibility and two particle radii. 


5 


o 4 

x 


3 

2 



0.5 m/sec - free strean 
velocity 


0 i * 

.2 .5 .8 1.1 1.4 1*7 



.2 .5 .8 1.1 1.4 1.7 


6 tesla 

Figure 11,- Cross section in air as a function of mag 
field, parametrized by the free stream velocity, v.*,, 
high particle susceptibility and two particle radii, 


The equation has been integrated in the approximation wh 
neglects particle inertia, and trajectories and cross se 
have been obtained. The cross section is shown in figur 
as a function of v m /v T for a fixed horizontal distance b 
fibers and different spacings in the vertical direction 
both rectangular and rhombic lattices. Multiplication o 
cross section shown in figure 12 by a/2a, where a is the 
radius, gives the cross section in units of fiber diamet 
allows a comparison with the isolated fiber cross sectio 
For fiber separations a/a ^ 8, the isolated fiber and th 
in a lattice cross section are not greatly different. 

Particle trajectories in the rhombic and rectangula 
lattice are shown in figure 13 . Because of the periodic 
of the force field the pattern of trajectories found in 
cell will be repeated throughout the lattice. It is see 
trajectories are separated into those which intersect th 
fibers and those which do not. Trajectories which enter 
an upper cell boundary and do not get captured will leav 
that cell and enter the cell below. Since this pattern 
repeated these trajectories will not intersect any of th 
fibers below. Thus, excape channels are formed which pe 
particles to pass through the filter. The width of the 
depends on v m /vij and can be made as narrow as one please 
increasing v m /v T , e.g. by increasing the magnetic field. 

One sees at this point an essential difference betw 
the filter efficiencies of the isolated fiber and the la 
models. Assuming a horizontally uniform distribution of 
cles entering the lattice the number of particles passin 
through the filter is proportional to the width of the e 
channel, which is a - 2x c in the case of the rectangular 
tice 0 The filter efficiency is thus, simply, 2x c /a. A 
result holds for the rhombic lattice. As noted above th 
limit 2x c /a = 1, which implies an impenetrable fiber lay 
can be obtained for sufficiently large v m /v T . It is not 
worthy that the lattice efficiency is independent of fil 
depth in contradistinction to the exponential dependence 
obtained from the isolated fiber model. 

We expect that the lattice model gives a low estima 
of real filter efficiency. The regularity and complete 
coherence of fibers in the lattice probably includes the 
effects of shadows rather too strongly, whereas, the isc 
fiber viewpoint neglects completely the fiber shadows, 
better description would seem to lie somewhere between t 
models . 

4. Discussion 

The dependence of the. cross section on the paramete 
the system is shown in figures 4 to 11. The cross secti 
used to compute the efficiency of a clean porous filter 
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Figure 1 2. - Cross section for a fiber in rectangular I 
function of magnetic parameter with horizontal distanc 
fibers fixed at 8. 




Figure 13.- Particle trajectories in 8x8 square 
and rhombic lattices showing escape channels. 


magnitude of the parameter v ro /v T is * 1 

of the gravitational force. For example, if V ~/ V T_ i. 


or vne gravid a^iuncu y— i n « n ^pqnnnds tc 

is no gravitational effect andv^/vy - 0 correspon 

particle falling past a fiber in Sokes number. 

The cross section as a function of Stokes numoer, 

metrized by the magnetic parameter, is shown in figure 
One sees the strong decrease of cross section with St 
number at large Stokes number. This behavior ^akes it 
cult to obtain large cross sections in air at high fre 
velocities. However, at. moderate and low velocities ii 
not hard to obtain rather large cross sections. For e. 
in air for a moderate particle susceptibility, X = 1U 
units, magnetic field B = 1.0 tesla, particle radius 
and iron fibers of radius a = 100 pm, we obtain from tl 
expression on page 4, v m = 18 m/sec. Then if Voo ~ 0.2 
we have v m /vm = 54, Voo/Vm = 0.6 and K = 47, the latter 
being in the inertial range. Referring to the upper g: 
in figure 3 (or figure 2) we obtain a cross section of 
two fiber diameters. 

Figures 2 and 3 and the numerical example illustr; 
point which has already been appreciated, for example, 
Gooding et_ al . Ul) : The flow velocity is an especially 
parameter in the magnetic filtration of air. It is of 
also important in liquids, but in air higher velocitie 
generally required and the cross section decreases wit: 
creasing velocity by virtue of a decrease in the magne' 
parameter and an increase in Stokes number. Whereas, 
inertialess condition, typically realized in liquids, 
Stokes number dependence is absent. 

Figures 4 to 7 show, for air and water, the depen' 
cross section on the particle radius. It is often not 
high gradient magnetic separation is especially suited 
filtration of fine particles. Although this method ma 
better than others one nevertheless notes that in wate 
monotonic increase of cross section with particle size 
the capture of the larger particles. 

In air, where inertia is important, both v /v T an 
increase with increasing b and the competing effects r 
in pronounced maxima in the cross section shown in fig 
6 and 7. Roughly speaking, the maxima are caused by t 


increase in v m /vn 


m' vij with b at small b and the increase i 
minal velocity and particle inertia having a dominant 
at high b and bringing the cross section down. 

The monotonic increase of cross section with the 
field shown in figures 8 to 11 is simply due to the in 
in the magnetic parameter when the other parameters ar 


0 . summary 


The theoretical cross section for the collision of 
cles with magnetized fibers is given as a function of tfc 
physical parameters of the filter system. The cross sec 
for particles in liquid is well known and the graphs for 
water given here show only additional details of the fun 
dependence on the parameters. The relatively large cros 
sections found in liquid have encouraged the investigati 
of practical applications. The results presented here f 
particles in air extend existing results. The cross sec 
are reasonably large for an interesting range of conditi 
which supports the view that filtration of fine particle 
in air may be economically practical. 

Unfortunately it is not possible, at this time, to 
predict with reasonable accuracy the efficiency of a res 
filter with the aid of the isolated fiber cross section, 
suggest that the interference effects in real filters ar 
very important and are not accounted for correctly eithe 
the isolated fiber model or the lattice model. Neverthe 
the isolated fiber cross section has been a reliable inc 
of the qualitative behavior of real filters. In air the 
cation is that the fiber cross section and hence the fil 
efficiency is very sensitive to free stream velocity, ar 
cross sections will be relatively low for applications v 
require moderate magnetic fields and free stream velocit 
1 m/sec and larger. Of course filter efficiency can alv 
be increased by increasing the density of fibers and dep 
the filter but only at the expense of pressure drop acre 
the filter. The analysis in air also shows maxima in tlr 
cross section at about 10 pun which are not present in lj 
The maxima are very pronounced at low velocities and ter 
disappear as the free stream velocity is increased. 
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INTRODUCTION 

Coal production is expected to increase significantly over the 
20-year period with coal serving as the primary fuel for electrical g 
tion, replacing dwindling supplies of domestic oil and gas, and reduc 
dependence on expensive imported oil and gas. Coal production will a 
increase to meet the needs of the emerging gasification and liquefact 
industries. The increased tonnage will be from new mines or from exp 
of existing mines; many of these mines will be (or are) located in co 
fields east of the 100th meridian. This line, lying east of the Nort 
Dakota lignite field and west of the Texas coal fields, roughly divid 
country into two regions: a western region of low-sulfur coal where r 
is usually less than 26 inches/year, and an eastern region where rain 
generally exceeds 26 inches/year and most of the coal (lignite except 
well as the rocks overlying the coal, often has a relatively high sul 
content. Sulfur in the eastern region. is primarily in the form of ir 
pyrite. Mining eastern region coals exposes the pyrite to oxidation, 
in ferrous sulfates which produce acid upon hydrolysis. The acidic w 
or is pumped from the mine and, unless effectively treated, leads to 
environmental degradation of streams and lakes within the watershed a 
potential health hazards from a polluted drinking water supply. 

In early FY 76 a program was begun at Argonne National Laborat 
(ANL) to evaluate technologies for controlling the environmental impa 
effluents resulting from the surface mining of coal. The program is 
performed for the Department of Energy’s Division of Environmental Co 
Technology (DOE-ECT) as part of ECT’s overall mandate to assess the e 
ness of methods for controlling pollutant emissions from energy extra 
conversion, and utilization processes. Initial support for this stud 
"pass-through" funding from the U.S. Environmental Protection Agency 
current support comes from DOE-ECT. 

This program has a twofold purpose which is related in part tc 
interests of its two federal sponsors. The overall issue addressed b 
sponsors is the need to satisfy increased coal demand in an environme 
acceptable manner. Each sponsor, however, has particular objectives, 
is interested in an evaluation of the efficacy and practicability of 
mine effluent control options currently in use, an identification of 
technology needs, and recommendations for research. The EPA is inter 
in an assessment of the validity of the recently promulgated effluent 
lines for the coal mining industry, with this assessment emphasizing 
and climatic variation impacts on effluent quantity and quality. A p 
plan was outlined to: (1) project future coal production levels to t\ 


The results of this program are providing data for federal and 
industrial decision-makers concerned with: (1) developing criteria for 
choosing the T, best ,f environmental control option; (2) policy decisions 
involved in the siting of future coal facilities; and (3) establishing 
basis for national judgments on the practicability of present and anti 
environmental standards. 

The program interacts with the National Coal Association, 15 co 
companies, 12 universities, and 10 state and federal regulatory/resear 
agencies. 


PROGRAM PLAN 


This program is focused on the assessment of alternate control 
nologies that show promise for environmentally safe handling of efflue 
and wastes from strip mining operations in the eastern region (east of 
meridian) coal fields through the end of the century. The program has 
divided into five tasks, and a unit operations master plan developed w ' 
shows the interrelationship of the tasks (Fig. 1): 

TASK 1 - FUTURE COAL PRODUCTION SCENARIOS 
AND CASE STUDY SITE SELECTION 


In this effort ANL estimated future coal production levels thro 
year 2000 and identified areas east of the 100th meridian where surfac* 
coal production is expected to increase. A series of maps was produce* 
each state s coal fields, active mines producing over 200,000 tons per 
and proposed new mine openings. A series of computer-drawn maps of ea< 
state s coal reserves also was completed; these maps show total, surfa* 
and deep mmable reserves for each county where data is available. Fr< 

Tr „ c°V° ntaCtS WUh the National Coa l Association, industry so. 
and the U.S. Bureau of Mines, twenty-one areas were chosen as the most 

J°i “creased production. Mines were selected for each area wh: 
ypified local coal field conditions. Permission was obtained from mii 
company officials to use the mines as case study sites from which data 
be gathered regarding the volume and character of mine effluent dischai 

TASK 2 - MINE DRAINAGE GEOCHEMISTRY 

An intensive sampling program was developed to determine rh 0 
and characteristics of mine effluents at each of th* + t th 3 

mines . All mines were coded to shieW their idLitt ^' 0 ^ ^ S ' 
Argonne supervision conducted sampling activities- J‘ Consultants unc 
the mine pit discharge point before any “eMm^t ’and a^h”T ° btaln£ 
charge point, thus obtaining a measured 
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PROJECTIONS 
(Task 1) 



Fig. 1. Unit Operations Master Plan 















Conductivity 

pH 

Dissolved oxygen 
Acidity /alkalinity 

Total dissolved solids 
Total suspended solids 
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Sodium 
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Sulfate 

Chloride 

Fluoride 

Strontium 

Magnesium 

Ammonia 
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Trace element analysis was performed every three months. Ele, 
analyzed included: 


Mercury 

Cadmium 

Cobalt 

Chromium 

Copper 


Vanadium 

Molybdenum 

Nickel 

Lead 

Zinc 


The overburden was sampled and analyzed for major, minor, and 
elements, and forms of sulfur. Coals were sampled and underwent pro 
and ultimate analyses in addition to the same types of analyses perf 
on the overburden. Acid potential (derived from pyritic sulfur) and 
neutralization potential were also determined. 


The field sampling phase has been completed and the data are 
reviewed and analyzed. Argonne is analyzing the sample data and ass 
the environmental impacts and pollution potential for each site. Th 
ment, coupled with the information relative to the increased coal pr 
and control technology options, will provide the baseline data for a 
on the potential environmental impacts related to increased surface 
through the end of the century. Figure 2 summarizes the various ope 
for Task 2. 


TASK 3 - CONTROL TECHNOLOGY ASSESSMENT 


Mine effluent quality is being examined before and after trea 
to provide a measure of the effectiveness of the treatment process, 
technology cost data are being obtained whenever possible. Process 
products are being identified and characterized, and the economics c 
disposal/reclamation are being considered. The environmental impact 
waste products generated by the various treatment process and select 
alternative processes are being studied. Figure 3 indicates the ide 
unit operations for control technology assessment at surface coal md 

A data management system for computer storage of the data ger 
under this program has been selected and implemented * All relevant 
storage and retrieval systems were reviewed, and System 2000 was se] 
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Fig. 2. Subunit Operations: Mine Drainage Geochemistry (Task 2) 
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analyses of surface water, coal, and overburden, as well as background 
information on sites and methods of sampling and analysis . 

TASK 4 - EFFLUENT LIMITATIONS GUIDELINES 

The mine effluent analytical data gathered under Task 2 are beir 
examined in relation to EPA's recently established effluent limitations 
guidelines and new source performance standards for the coal mining poJ 
source category. These standards and effluent limitations have been ir 
porated into the Office of Surface Mining Reclamation and Enforcement's 
proposed rules for a permanent regulatory program. The applicability c 
guidelines and standards on a national scale versus state or regional s 
will be analyzed. The data from this program will be used to assess t\ 
validity of the guidelines in general and in relation to current and ft 
technology. Recommendations for modifying or implementing the guidelir 
will be developed. Figure 4 shows the operations which will be utilize 
in Task 4. 

TASK 5 - SUMMARY REPORT 

Argonne National Laboratory will write a summary report integrat 
chemical data from the various sites with a discussion of generic envii 
mental control problems, the pollution control technology involved, anc 
the control technology effectiveness. Included in this final report wi 
be recommendations for environmentally effective control technology foi 
of new mine openings, and alternate control technologies for existing < 
expanding mines. Recommendations will also be made for research on adi 
control technologies based on criteria and needs determined by this pr< 


RESULTS 

Two examples of program output — control technology efficiency 
treatment costs — are described in this report: 

CONTROL TECHNOLOGY EFFICIENCY 

Mine PA-1 


Two mines in Pennsylvania, PA-1 and PA-3, serve as examples of 
adequate and inadequate treatment. At mine PA-1, water from an active 
is pumped through a six-inch flexible vinyl hose for several hundred y. 
to a flash mixer powered by the water velocity from the pump. The mix' 
is housed in a small wooden shed. Approximately 50 pounds of hydrated 
lime is manually added to the mixer every two hours. The mixer ef flue: 
flows through a wooden sluice box into the first of three settling pom 
Most of the sludge and sediment is retained in the first pond; retentii 
time for this pond is estimated to be approximately nine hours. 
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treatment was necessary. Values for pit water pH were in violation of t 
allowable maximum standards in three out of twenty-six sampling visits; 
iron values were in violation twice during the sampling period. 


Following treatment, data from the first settling pond outflow (E 
indicate compliance (maximum allowable) was attained for the mean of all 
four parameters, although occasionally levels of suspended solids (three 
out of 23 visits) and manganese (three out of 22 visits) were in violati 
of the standards. 


Data from the second settling pond outflow (C) show a lesser inci 
of violating the maximum allowable standards. 

In general, the effluent discharged from this site met the maximu 
allowable effluent limitations. The lime treatment was adequate and 
effective. There were occasions when pH, manganese, and suspended solid 
levels were not in compliance, a situation reflecting inadequate process 
controls since the operation is manually operated and controlled. 

Mine PA-3 


Water treatment at mine PA-3 consists of collecting pit water in 
sump; adding an alkali reagent occasionally, but not necessarily regular 
then pumping the effluent into the first of three settling ponds. The £ 
soda ash (Na2C0 3 ), is mixed by hand with pumped pit water in a 55-gallor 
drum that is perforated in its lower portion and base to allow the dissc 
reagent to flow back into the sump. The water pumped into the settling 
had minimal retention time as the ponds were nearly filled with solids, 
coal fines. A secondary treatment, only occasionally used, consisted of 
perforated bucket filled with soda ash briquettes or hydrated lime belov 
outflow of the first settling pond. 

The values listed in Table 3 show the pit water (mean values for 
suspended solids, manganese, and iron and the range of values for pH) ir 
tion of the maximum allowable standards for each of the four parameters, 
ing treatment some improvement was noted in all four parameters, but the 
values (B) still show the mine is not in compliance. Only once during t 
entire range of sampling dates was the pH raised to an acceptable level, 
but on this date the suspended solids reached 1800 mg/L indicating only 
partial treatment, poor settling sludge characteristics, and probably 
inadequate retention time. Iron levels in the first pond were in compl: 
on less than half of the sampling dates, suspended solids 60% of the tin 
and manganese only 10% of the time. 

Effluent from the final settling pond outflow (C) was in compliai 
only for mean values for suspended solids; although minimal improvement 
was noted, mean values for pH, iron, and manganese were still in violat: 
of the guidelines. For the final effluent leaving the mining site, vio: 
of standards for suspended solids occurred on 20% of the sampling dates. 


laDxe jl. 


■*•**»-** - - T7 

per Liter (mg/L) except for pH 


Effluent 

Maximum 

Allowable 

Average of daily 
values for 30 consecutive 
discharge days 

pH a 

Within range 
of 6.0 - 9.0 


Total suspended 
solids^ 

70.0 

35.0 

Iron, total 

7.0 

3.5 

Manganese, total 

4.0 

2.0 


^Where the application, of neutralization and sedimentation 
treatment technology results in inability to comply with the 
manganese limitations set forth, the regulatory authority may 
allow the pH level in the discharge to exceed to a small 
extent the upper limit of 9.0 in order that the manganese 
limitations will be achieved. 

k Limitations given are for eastern and midwestern states. 

Western states are treated on a case-by-case basis , but 
levels must not be greater than 45 mg/L (maximum allowable) 
and 30 mg/L (average of daily values for 30 consecutive dis- 
charge days) based on a representative sampling, 
c 

The manganese limitations shall not apply to untreated discharge 
which are alkaline as defined by the EPA (40 CFR 434) . 


Effluent 

Standard 

Mean 

Min. 

Max. 

pH 

6-9 



3.6 

7.1 





6.3 

8.8 





4.2 

8.7 

Total suspended 

70 mg/L 

A. 

162.4 

14.0 

1380.0 

solids 


B. 

39.3 

4.0 

203.0 



C. 

14.6 

0.0 

124.0 

Total iron 

7.0 mg/L 

A. 

4.1 

0.0 

14.0 



B. 

1.0 

0.0 

3.8 



C. 

0.5 

0.0 

2.8 

Total manganese 

4.0 mg/L 

A. 

5.3 

1.2 

29.2 



B. 

2.4 

0.5 

4.2 



C. 

1.7 

0.2 

3.7 

Note: A. Pit water, 26 samples. 




B. First pond outflow, 23 samples (Note: 22 


samples 

for manganese) . 




C. Final pond outflow, 26 samples. 




Table 3. 

Mine PA- 3 

(Units 

in mg/L except pH) 


Effluent 

Standard 


Mean 

Min. 

Max. 

pH 




3.2 

5.9 





3.5 

8.5 





2.9 

6.7 

Total suspended 

70 mg/L 

A. 

185.6 

0.7 

2600.0 

solids 


B. 

2544 . 6 

5.0 

43350.0 



C. 

58.7 

3.0 

380.0 

Total iron 

7.0 mg/L 

A. 

21.2 

2.6 

110.0 



B. 

16.9 

0.1 

94.0 



C. 

12.8 

0.1 

41.3 

Total manganese 

4.0 mg/L 

A. 

12.0 

1.1 

27.0 



B. 

15.3 

1.5 

28.0 



C. 

15.1 

3.1 

27.0 


Note: A. Pit water, 24 samples. 

B. First pond outflow, 18 samples. 


In contrast to mine PA-1, effluent discharged from mine PA 3 ra: 
met the effluent guidelines. The soda ash treatment was , • 

uncontrolled, and Inadequate. The sedimentation pon s were nea 
with solids and channels developed which allowed the water to pass rap. 
through the ponds, resulting in negligible retention time for flocculai 
and settling of solids. Often the suspended solids concentration men 
between the pit water and the final settling pond. 


TREATMENT COST FOR MINE PA-1 

Since mine PA-1 is conscientiously attempting to comply with the 
effluent limitations guidelines, an examination of its most recent tree 
cost data gives an indication of the level of costs that the industry j 
in maintaining compliance. 

Mine PA-l f s operation ultimately will affect 100 acres, 95 of wt 
contain coal. The average coal thickness is 3 T 1 M and, at the standard 
of 1800 tons/acre ft of coal, each acre contains approximately 5600 tor 
of coal. At a recovery rate of 90% for surface mined coal, this mine v 
produce 478,800 tons of coal (95 acres x 5600 tons/acre x 0.9 [recover} 
478,800 tons). 


In order to control the sediment related to the mining, storage 
and diversion ditches need to be constructed and, after mining ceases, 
and reclaimed. The sediment collected in these ponds during the mining 
operation must also be removed and handled in a manner consistent with 
environmental standards. The following costs and assumptions were base 
on discussions with on-site company personnel. These costs are life-of 
mine costs and are related to the total tonnage the mine is expected to 
produce . 


Sed im ent Control 
1. Pond Construction 


Sediment storage: 0.2 acre ft/acre of disturbance x 100 acr 
disturbed = 20 acre ft. 

Storm water storage (10 yr - 24 hour storm): 4" rainfall x 0 
(runoff coefficient) x 100 = 17 acre ft. 

Total capacity needed = 37 acre ft. 

Plan: 3 ponds, 12-15 acre ft. each. 

Cost per pond : 


Earthwork and seeding 
Discharge pipe 


$ 8,000 
S 1 . son 


sediment ana rona Keraovai 


Sediment removal: Assume 10 acre ft (16,100 cu yd of sedimen 

Removal and disposal @ $2*50 cu yd = $40,2 

Pond removal * 1/2 of construction cost - $20,500. 

3. Diversion Ditches 

9000 ft @ $2. 50/ft - $22,500. 

Removal = 1/2 of construction cost = $11,250. 

Total = $33,750. 

Note: 6500 ft of ditch built under old law specifications 

exists. Estimated cost of that ditch, 6500 ft x 
$1. 50/ft = $9,750. New cost under new law « $24,000. 


Summary of Sediment Control Costs 

Pond construction $ 40,500 

Sediment and pond removal $ 60,750 

Diversion ditches $ 24,000 

Total cost $125,250 

Cost/ton - $125,250/478,800 = $0. 26/ton. 

The water treatment costs were provided by the company following 
its investigation of compliance costs for a recent six-month period in ] 
to meet the new effluent limitations. The mine has complied with most 
effluent discharge criteria except for periodic violations of the mangai 
limitation. Production was 65,000 tons for the six-month period. 


Water Treatment Cost - Six-Month Period 


Equipment and Power 

Pumps, hoses, and misc. $650/month 

Electric and fuel $350/month 

Lime (100 tons) $ 55 /ton 

Ponds 

3 @ 1.8 acre ft each pond 
Earthwork 


$ 3,900 
$ 2,100 

$ 5,500 


$ 1,800 eacl 
$ 1,200 eacl 


$21,700 


Engineering and Management 
15% of equipment and labor 

Summary of Water Treatment Costs (Six Months) 


Equipment and Power 

Lime 

Ponds 

Equipment and Labor 
Engineering and Management 


Total 

Cost/ton = $166,650/65,000 = 


$ 6,000 
$ 5,500 

$ 9,000 
$124,450 
$ 21,700 


$166,650 
$2. 56/ton 


Total sediment control and water treatment cost = $2.82/ton. 


The total cost of $2.82/ton is relatively low compared to costs 
our other eastern sites because the affected area of the mine has rathe 
shallow slopes. As the slope angle Increases, our preliminary findings 
indicate a corresponding rapid increase in sediment control costs, with 
final costs often exceeding $7/ton. The costs presented for mine PA-1 
still do not represent costs for total compliance, as the manganese sta 
is often violated. The company estimated an additional $0.65-$0. 75/ton 
for full compliance. 


CONCLUSIONS ON CONTROL TECHNOLOGY EFFECTIVENESS 


The major conclusion drawn from this survey of control technolog 
at sites PA-1 and PA-3 and at other surface mines is that the ECT "stat 
of-the-art is generally at a very low level. Related conclusions incl 


1. At the present time, mine drainage control and treatment at 
surface coal mines may not reflect conscientious planning 
and engineering design work by mine operators. On the 
whole, control technology (including reagent application) 
may be haphazard and periodically inefficient. However, 
there are some notable exceptions. 


2 . 


Surface mine operators favor small, efficient, and above 
all, portable application systems for neutralization reagen 
Because effluent discharge points at surface coal mines do 
not remain constant over long periods of time and because 
isc arges are generally small (< 5 gpm) and variable, it 1 



3 . 


When choosing a reagent to neutralize mine drainage, 
reagent cost per unit quantity is less of a deciding 
factor to surface coal mine operators than ease of 
reagent application and handling. Thus, small caustic 
soda (NaOH) and soda ash (NaaCOs) treatment systems are 
common, even though reagent costs (based on treating 
water of equivalent acidity) may be several times the 
cost of hydrated lime or limestone treatment. 

4. There needs to be more pre-mining planning by surface 
mine operators to develop mining methodologies which 
minimize pyrite oxidation and hydration. Some 
additional investment in exploration plus a prudent 
choice of a mine plan, drainage plan, and reclamation 
plan may minimize the generation of poor quality 
effluents. Mine operators may thus realize economic 
benefits from minimal initial investments which prevent 
the generation of poor quality effluents, as opposed to 
the operators T maintaining treatment facilities during 
and after mining, a long and costly process. 

5. Costs for compliance with EPA/OSM effluent limitations can 
range from $3-$7/ton. The higher costs are associated with 
steeply-sloped terrain. 
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1. INTRODUCTION 

Coal from mines is transported to its ultimate destination by rai 
barge or pipeline. Once it arrives at its consumption point or a proc 
facility, it is moved over short distances by rubber-tired loaders , co 
or rail shuttle cars. During the transportation process, the coal is 
exposed to the elements. This leads to dust emissions and losses thro 
effects. Moisture absorption and oxidation also can occur, causing de 
tion of the coal and loss in fuel value (ERDA, 1976). 

Once at the destination, the coal is either used or stored. Most 
maintain stockpiles comprising a 90-day supply at their normal use rati 
is done primarily to provide a reserve in the event of temporary loss i 
ply. This stockpile may stand for a year or more before it is necessa 
use it. 

In the stockpile, the coal is subject to weathering and oxidation 
dust emissions from stockpiles are common. Absorbed moisture from rain 
causes leachate formation and may decrease the fuel value of the coal 1 
8% depending upon initial moisture level and coal rank. Wind and rain 
results in coal migration and exposes new coal surface to weather. Mo: 
can also freeze solid in cold weather making normal handling impossible 
dation may reduce the heating value up to 5% over a one-year storage p< 
(ERDA, 1976). In addition, internal oxidation can lead to spontaneous 
tion in low rank fuels (ERDA, 1975; Paulson, et al. , 1975). 


This work presented here addresses the use of protective coatings 
coal to resolve the environmental problems associated with transport ar 
storage. These coatings not only reduce environmental pollution and ir 
handling characteristics, but can also be shown to provide dollar savii 
substantially greater than the costs of application. 

2. TECHNICAL APPROACH 

The overall objective of this work was to demonstrate the feasibiJ 
economical coal coating systems. To accomplish this, the following fac 
were considered: 

Identification of suitable materials for coal coatings 

Development of formulations which are capable of reducing the 
adverse environmental effects of weathering of coal storage 


4--! -C ■ 


Cost/benefit analysis 


The first task was intended to provide information to guide the expe 
mental development of coal coatings. The factors considered are listed b 

• Evaluation of candidate filler-binder materials 

• Review of current coal protection techniques 

• Application considerations 

• User motivation 

Filler-Binder Materials Evaluation 


A list of materials was generated which could be considered as candi< 
for inclusion in coal coating formulations. The candidate materials were 
screened to establish their characteristics with respect to: 

• Cost 

• Availability 

• Fuel value 

• Physical properties 

• Environmental pollution potential 

The filler materials considered included coal, paper, sawdust, bagasse, r: 
hulls, cottonseed hulls, and fly ash. Binder materials considered fall ii 
two categories. The first included the materials useful for the hot-melt 
of coating such as waxes and plastics. The second type of binder materia! 
the various latex emulsions. This type of material was considered for us< 
filled latex coatings. 

Pulverized coal and fly ash emerged as the best filler candidates. ] 
of these materials are available at coal user sites in sufficient quantit: 
They are both available at little or no cost, taking into account the cre< 
for fuel value of coal. Neither of these materials would cause additiona! 
environmental problems upon combustion, as both are normally present in c< 
combustion systems. The other filler material candidates were either too 
costly, limited in availability or presented potential environmental prob! 
The best binder materials identified were slack wax, polyethylene, atactii 
polypropylene for the hot-melt composition, and polyvinyl acetate copolyim 
for the filled latex formulations. 

Current Coal Protection Techniques 


The most common current means of protecting coal is to carefully bui! 
and compact the stockpile, then monitor it for hot spots. At this time, : 
estimated that less than 5% of the users of coal provide additional prote< 
in the form of coatings. Coal is shipped by rail car in as-dumped condit: 
It is estimated that 5-10% of the shippers use latex crusting compounds t< 
prevent wind loss and dust emissions in transit. A discussion of these 
current protection methods is provided below. 


required. 


Stockpiles must be properly constructed; otherwise, the risk of s; 
neous combustion is high. Coal stores have been known to ignite spont; 
within six days after pile formation (Wilson, 1975). A typical method 
constructing a coal stockpile is given below. 

1. The coal is dumped from the rail cars either by bottom hoppei 
invention. 

2. The coal falls onto a conveyor and passes through a mill whei 
ground to <2-inch size pieces. 

3. The coal is transported to the stockpile areas either by com 
by rubber- tired vehicle. 

4. A bulldozer spreads the coal and compacts it. Typical piles 
the form of a truncated cone, 100-200 feet wide at the base a 
25-50 feet high. The length of the pile may be up to thousan 
feet. 

3 

Coal as dumped has a bulk density of about 50 lb/ft . After compaction 
bulk density is about 65 lb/ft^ (Paulson, et al., 1975). 

The stockpiling technique varies with coal source and rank. Highe 
coal may be formed into larger piles of greater height and stored longe 
low rank coals (ERDA, 1975). East coast coals may be stored longer tha 
coast coals as they are less reactive. The finer the coal, the more re 
it is as a result of greater surface area. 

Small coal stockpiles may be stored as dumped for short periods, 
piles should not exceed 15 feet in height (Wilson, 1975). Longer term si 
of uncompacted coal is risky in terms of spontaneous combustion danger. 
Uncompacted coal piles should be used within a few days of dumping. 

Stockpile Protection 

Stockpiles are formed solely by the action of a bulldozer in shapii 
compacting the pile. Thermal probes are sometimes buried in the coal t< 
tor pile temperatures. The probes set off an alarm if the pile tempera) 
reaches 130-140°F (54-60°C). tempera) 


Dust emissions from coal stockpiles are a problem of increasing coi 
Some users reduce dust formation by washing the coal before piling and i 

porting it wet. Other users wet the pile after formation or spray it w 
to reduce dust emissions. 


Leachate formation is also a serious problem except in the case of 
Sf ®f! de “*b »“er ™°« ^ the pile is collected La trough f 

fore'dJscharge !o ° r P ° n<i W,lere U is treat e 

duciag a flocculant ot <* 


in the first year of storage. Leonard (1968) found that properly stored < 
will lose only 1-2% per year of its energy value due to oxidation. Howev< 
improper storage was found to result in losses of 3-5% per year. 

Latex Crusting Compounds 


The only protective coating of significance in current use is the lai 
crusting compound. This material is essentially a paint base, and it is ] 
duced by paint manufacturers. Numerous small firms purchase this materia! 
resell it as a protective coating for coal or as a surface stabilizer for 
earth, sand or other materials stored in stockpiles. The latex compounds 
normally applied after dilution by a factor of 3/1 to 20/1. They are spr; 
onto the material to be protected using any equipment capable of spraying • 


Formulation and Evaluation of Coatings 


During this work, 119 hot-melt formulations and 39 latex mixes were ] 
duced and evaluated. The types of tests conducted were as follows: 


Visual observation 

cracking tendency 
surface texture 
adhesion to substrate 
Compressive strength 
Tensile strength 


Viscosity 

Density 

Thermal expansion 
Water permeability 
Rheology 
Grindability 


Not all tests were run on all formulations. Some tests, such as tensile ; 
compressive strength, were run on a limited number of specimens to establ: 
the order of magnitude of the results. No means of converting strength d; 
into a useful parameter for characterizing the utility of coatings was id< 
fied. Thus, the data are of interest primarily as a means of estimating 
cracking potential. 


Other tests, such as water permeability, effects of thermal cycling ar 
efficient of thermal expansion relate directly to the quality of the coat: 
Tables I and II summarize the results of these tests on formulations that 
near the optimum compositions for both the hot-melt and filled latex coat: 


Test Panels 


Those formulations which appeared to best meet the above criteria we 
cast onto frames, 12" x 12", with about 3-4" of coal as a substrate. The 
frames were constructed with wooden pegs spaced at 3/4" intervals around 
periphery. The pegs served to restrain the coating from shrinkage to enh 
crack formation and present a more realistic test than would an unrestrai 
coating. The coating was applied in thicknesses ranging from 1/8" to 1/2 
Figure 1 shows two views of a test frame with a hot-melt coating in place 
Figure 2 shows a cross-section view of the coating on a coal bed. 

t-««r f-ramps wsrp siibipoted to a "rainfall" test. In this test. 


Table I. Physical Properties of Hot-Melt Formulations 
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Thermal expansion or contraction is an important cnarac-teribiic or 
melt coatings. If the degree of contraction upon cooling exceeds the si 
to-failure of a coating material, cracking will result. Similarly, if i 
thermal expansion upon heating exceeds the compressive strain-to-failur< 
coating will shatter. 

The coatings listed exhibited Coefficients of Thermal Expansion (C 
ranging from 6 x 1CT 5 to 14 x 1CT 5 in/in°F. Thus, for a 100°F temperat 
change, the degree of expansion or contraction would be about 0.6% to 1 
The tensile strain to failure was measured to be about 0.5%. Thus, mos 
ings would be expected to crack upon cooling by 100°F or more. Heating 
not appear to be a problem. Compressive strain-to-failure was measured 
about 2%, and none of the coatings tested expanded that much. 

The CTE is not the only factor in cracking of the hot-melt coating* 
materials were generally cast at 200-250°F. In general, the coatings r< 
fluid until they cooled to below 200°F. They then start to shrink, if \ 
strained. Total shrinkage upon cooling to 70°F ranged from 0.6% to 1.75 
cooling behavior was a function of the composition, however. The CTE ci 
for typical compositions are shown in Figures 3 and 4. Formulations wit 
values similar to that shown in Figure 4 would probably be satisfactory 
stockpile applications. 

Latex Formulation Results 


A total of 39 latex formulations were prepared and evaluated during 
work. Included in this number were four tests of commercially available 
crusting compounds for comparison purposes. The remainder of the formu] 
were filled latexes, in which pulverized coal was used as an extender tc 
prove the waterproofing character of the latexes. 

Some of the latexes tested were not compatible with coal. In the pr< 
° f they coa g ulated or solidified rapidly. Daratak SP-1065, Everfl 
and DLR-H resins yielded satisfactory coating films. All others tested 
incompatible with the coal. 


- Th£ P^ ob able reason for the observed incompatibility is de-emulsif 
e resin y chemical reaction with ionic components of the coal A 

%£?££ ToT iliV reSUlt1 " 8 of acidic t 


, f, late ^ coatings made with polyvinyl acetate resins were atm 

1-ft x 1-ft panels similar to those previously de^rr-fK J ? J? f PP 

ings. All of the coatings were leakers in the "rainfall" tL! 6 
these coatings was an Everflex GT mix with qrv? iT -1 test * The bl 
13% leak rate. th coa1 ’ which exhibited o, 
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Figure 3. Coefficient of Thermal Expansion Curve for Formulation 5-1-2 
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Figure 4. Coefficient of Thermal Expansion Curve for Formulation 5 



coating aia torm a conesive xnm on rne surxace, nowever. Less tnan o/<> c 
the "rainfall" water ahdered to the surface or passed through the coating 
even after exposure to a temperature range of -30°F to -KL60°F. In the ec 
nomic analysis, presented later in this paper, filled latex coatings on b 
normal and specially prepared surfaces are considered for comparison purp 

Tests on commercial latex crusting compounds showed that they do not 
vide a significant degree of waterproofing to coal. The minimum leak rat 
noted was 78%. One commercial product was tested at the recommended cone 
tration and again at 5 times the recommended amount. The leakage rate wa 
similar in both cases. The unfilled latexes cannot be considered as a sa 
factory waterproofing agent for coal stores even when applied at substant 
higher levels than recommended by the manufacturers for dust control and 
face stabilization. 

Application Techniques 

Application experiments were conducted to assess characteristics of 
melt materials. The principal objective was to assure that the materials 
could be pumped without problems due to viscous effects or vapor lock. I 
tial experiments showed that compositions containing 80% coal were easily 
transported through a one-inch diameter tube. Flow was initiated with le 
than 2 psig pressure differential. 

A system capable of applying hot-melt materials comprises the follow 
elements : 

a) Crusher/grinder 

b) Polymer melt vessel 

c) Coal preheater 

d) .Metering system 

e) Mixing vessel (heated) 

A schematic of the system is shown in Figure 5. As shown, a mixing 
vessel is included in the current subscale apparatus. This mixer is used 
a batch heater and dispenser. For larger-scale applications, a continuou 
system would be more desirable. 

Hot flow application resulted in an excellent layer of coating on an 
dined 4x8 foot panel. The material thickness varied from 1/8 to 1/4 i 
thick. Figure 6 shows a technician in the process of coating a 4x8 foot 

3. ECONOMIC ANALYSIS 

The following section is an evaluation of the costs and benefits whi 
would accrue from the use of protective coatings for coal. Uses of latex 
crusting compounds, filled latex coating and hot-melt coatings are consid 


f) Slurry pump (heated) 

g) Service lines (heated) 

h) Steam boiler 

i) Dispensing system 
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Dump coal from cars 
Grind to <2 inches 
Transport to pile 
Unload on pile 
Form and compact pile 


Current practice, unprotected pili 



1. Mix with water, 

1. 

Grind coal for surface 

1. 

Grind coal for 

3-10/1 


preparation* 


coating mix 

2. Spray apply 2 

2. 

Grind coal for coating 

2. 

Prepare wax/pl; 

4-11 gal/500 ft 


mix 


binder 


3. 

Mix coal, water, latex 

3. 

Heat and mix 
components 


4. 

Spray apply 7-31 gal/ 

500 ft 2 

4. 

Spray apply 20- 
gal/500 ft* 


* optional 

Summary of Stockpile and Rail Car Protection Costs 


Table IV shows a summary of the costs of building and protecting a co 
stockpile. A 250,000 ton stockpile was used as a basis for comparison. 
Table V is a summary of the costs of various techniques for protecting coa 
in rail cars. 


Table IV. Summary of Stockpile Protection Costs 


Basis: 

Treatment 

Build and Compact Stockpile 
Monitor Stockpile for 1 year 
Latex Crusting Compound, 1 gal/200 ft 2 
Filled Latex on Surface Fines, .025" 
Filled Latex on Surface Fines, .050" 
Filled Latex on Surface Fines , . 100" 
Filled Latex on Normal Surface, 1/8" 
Hot-melt on Normal Surface, 1/8" 
Hot-melt on Normal Surface, 1/4" 


250,000 ton stockpile 
Time Required Total Cost Cost/ 

Da ys $ $ 


50 

55,000 

0.2 

365 

22,750 

0.0 

3.5 

8,400 

0.0 

13.3 

19,500 

0.0 

26.6 

25,908 

0.1( 

53.2 

42,000 

O.li 

11.7 

33,506 

o.i: 

11.17 

12,788 

o.o; 

23.4 

25,576 

0.1( 


100 ton/ car treatment rate = 100 cars /day 


Treatment 


Total Cost 

$ 


Cost/Ton 

$ 


Latex Crusting Compound, 1 gal/500 ft 

700 

0.07 

Filled Latex 

on 

Surface Fines, .050" 

3,844 

0.38 

Filled Latex 

on 

as Dumped Surface, 1/8" 

4,320 

0.43 

Holt-melt on 

as 

Dumped Surface, 1/8" 

1,355 

0.14 


Cost/Benefit Analysis - Stockpile Applications 

This section illustrates the benefits to be derived from coal protec 
and the estimated return on investment. This analysis is based upon prot 
tion of a 250,000 ton stockpile for a period of one year. The value of t 
coal is assumed to be $20 per ton. 

The cost factors usejl in determining treatment costs are listed belc 

^ Cost, $/Ton 


- - -£ - 

Build and compact pile 0.08 

Apply latex crusting compound 0.034 

Apply filled latex coating, 0.025" 0.087 

AppJ.y hot-melt coating, 1/8" 0.051 


The benefit factors used in determining the return on cost of applyj 
particular coatings are: 

Reduce or eliminate dust emissions. 

Reduce or eliminate leachate formation. 

Maintain or reduce moisture content (fuel value effect). 
Minimize freezing of coal into large agglomerates. 

Prevent increase in moisture content (grinder operation). 
Prevent stockpile migration. 

Reduce or eliminate oxidative energy loss. 

Reduce or eliminate spontaneous ignition. 

Prevent wind or rain erosion. 

Reduce need for snow removal. 

Reduce monitoring costs. 

Reduce fire prevention and extinguishment requirements. 

The basis for determining the dollar value or equivalent for these benef: 
factors is described in Kromrey, et al., (1978). The results are summari 
below. From this summary, the highest return per unit cost occurs by use 
the hot-melt formulation, i.e., return of benefits valued at $1.90 per tc 
a cost of 13. lq per ton. 



0.158 

0.131 


I.U4 

1.04 


Filled Latex Coating* 
Hot-melt Coating* 

* includes compaction 


1.00 

1.90 


Cost/Benefit Analysis - Rail C ar Applications 

This section illustrates the benefits to be derived for protection 
coal in rail cars and the estimated return on investment. The results 
based upon protection of a unit of 100 cars containing 100 tons each of 
The value of the coal is assumed to be $20 per ton. The benefit factor; 
sidered are listed below: 


Reduce or eliminate dust emission. 

Reduce wind losses. 

Prevent moisture increase (fuel value effect) . 

Prevent moisture increase (grinder operation) . 

Prevent freezing of coal into large agglomerates. 

Reduce or eliminate spontaneous combustion. 

Again, the basis used to convert these factors into an equivalent dollar 
value is described in Kromrey, et al. (1978). The results are suiranariz* 
below. This summary indicates the benefit return per unit cost to be h: 
for the latex crusting compounds with $.74 per ton in benefit value resi 
from costs of $.07 per ton. For rail car applications, the latex crust 
pears to be most cost-effective. 


Total Benefi 


Treatment 

Treatment Costs, 
$/ton 

Direct $ Savings, 
$/ton 

Value, Equi' 
$/ton 

Latex Crust 

0.07 

0.54 

0.74 

Filled Latex Coating 

0.38 

0.61 

0.81 

Hot-melt Coating 

0.14 

0.61 

1.01 


4. CONCLUSIONS 

Based upon the results of this technical effort, the following cone 
sions are presented: 

1. Commercially available latex resins used as coal crusting comp 
can prevent dust loss and wind erosion, hut do not waterproof 
coal surface. 

2. Hot-melt formulations consisting of about 77.5% coal, 15% slac 
wax, 3.75% polyethylene and 3.75% polypropylene are capable of 
sealing a coal surface against water penetration. 


water penetration provided the surface is coated with fines of 
less than about 1/8" particle size. 

4. Hot-melt coatings appear to be most cost effective for application 
to coal stockpiles. 

5. Latex crusting compounds appear to be the most cost effective mean 
of protecting coal in rail cars. 

6. The anticipated return in dollars and intangible benefits by use 
of the coal protection methods described herein is in the range 
of 10-15 times the cost of such protection. 
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ABSTRACT 


Enhanced oil-recovery processes are still developing. T. 
transition from pilot testing to full-scale field application 
depends upon the success of field research that may improve t] 
economy of enhanced oil-recovery processes. Underlying all 
development and expansion activities associated with oil prodi 
tion is the constant need to protect the environment from poi; 
tion. Unanswered questions regarding the environmental conse- 
quences of enhanced oil-recovery activities should be addresse 
during the period of pilot field testing. 


Oil displacement by injection of brines (the waterflood 
process) entails the surface processing of large quantities oi 
saline waters creating the potential for pollution of surface 
waters and shallow freshwater aquifers. Improved waterfloodir 
techniques involve the introduction of surface active agents 
(detergents) , caustics, and organic polymer compounds (partic- 
ularly polyacrylamide) , thus increasing the potential for poll 
tion. It is increased further by the micellar-polymer process 
since the micellar solution is a mixture of surfactant, oil, 
water and a cosurfactant (usually an alcohol). 


Enhancement of oil production by thermal methods adds ano 
dimension to the environmental hazards through air pollution f 
steam generators and the produced fluids* 


as aril ling and renovation < 
wells, create local environmental hazards, but these are becoi 
regional concerns as the search for new oil and the reactiJa?- 
-n accelerates. This paper presents the potent- 

pollution hazards of the enhanced oil-?eco5ery processes anS ( 
environmental surveillance program being institSted by DOE? 

INTRODUCTION 

it a greater^opulation^ensitv^^ the . fut Y re wil1 bring witt 

living, engineering technolom/wH i mainta;Ln our standard of 

mg technology will have more stringent demand 


making life comfortable and healthy. However, in filling con- 
sumer needs, engineers cannot ignore the ecological consider- 
ations of every technological process. Governmental controls, 
economic considerations, and diminishing resources have forcec 
complete re-evaluation of waste effluents from all industries. 
Waste must be negligible for the sake of the economy as well a 
providing safety within the environment in which we live. 

Enhanced oil-recovery processes are still developing. Th 
transition from pilot testing to full scale field application 
depends on the economic success of field research. Underlying 
all development and expansion activities associated with oil 
production is the constant need for protecting the environment 
from pollution. Unanswered questions regarding the environmer 
consequences of enhanced oil-recovery (EOR) activities should 
addressed during the period of pilot field testing, now in prc 
gress. Environmental data can be obtained from pilot projects 
that discharges can be correlated over time with reservoir 
characteristics and process variables for use in planning fie] 
wide commercial implementation of any process. 

Potential adverse environmental concerns are enhanced by 
injection of large quantities of chemicals to displace oil in 
producing wells. New chemical processes for oil recovery reqi 
surface processing of large quantities of saline waters as we] 
as chemical mixtures. The large volumes of fluids create a 
potential for pollution of surface waters and shallow freshwat 
aquifers. When the oilfield is finally abandoned large quanti 
of chemicals used for oil displacement will be left in the unc 
ground reservoir, creating a potential for long-term environ- 
mental hazards. 

The United States Congress and State Legislatures have 
enacted laws intended to protect our environment from pollutic 
due to human endeavors. Several of these laws have a direct 
bearing on enhanced oil recovery, the most significant of whic 
are the Clean Air, Federal Water Pollution Control, and Safe 
Drinking Water Acts. 

Research with chemicals intended for use in enhanced oil 
recovery is the best way to avert adverse environmental effecl 
The Department of Energy has initiated several research projec 
to examine the biological and chemical degradation of EOR cher 
cals, the effects of injected chemicals on geologic strata, 
toxicity of chemicals, water availability, and the socio-econc 
aspects of enhanced oil recovery. This paper is a general ove 
view of the environmental concerns of the enhanced oil-recovea 


provides a aewu^ 1“^ 0^4-1, A Programatic Environmental 
production in the United States. A activities of f 

Impact Statement on the enhanced 01 ?~^ 0 ^ will addre 

Department of Energy, which . is now being prepared, w 11 addre 

specific aspects of developing techno ogy. 


Concern for the environment means that we do not wish to 
produce any kind of adverse effect on the air, water or soil . 
our activities. Therefore, the processes being used today fo. 
production of oil, as well as the new enhanced oil recovery 
methods being field tested, are discussed from the viewpoint < 
their potential for adversely affecting air, water and soil., 
is important to emphasize that the current EOR field activitn 
of DOE are nothing more than research experiments. The cost- 
shared field testing program with industry is designed to eva. 
the utility, demonstrate the feasibility, and improve the tec] 
niques of the best technology presently available for product: 
of oil remaining locked in the ground after secondary recover; 
In pilot experiments, the environmental impacts are confined i 
widely scattered, isolated local sites. We tend to lose sighl 
this in considering the national concern over possible adverse 
environmental impacts from any activity. Although this reporl 
addresses the environmental aspects of EOR, it is a projectioi 
the hypothesis that the demonstration experiments now under we 
will prove to be successful and result in large-scale commerc: 
ization of the EOR processes. By closely examining the pilot 
studies and looking ahead to commercial implementation, we hoj 
to foresee any adverse impacts of EOR and alleviate them so 
commercialization can proceed in a timely manner. 


EOR PROCESSES AND ENVIRONMENTAL CONCERNS 


Secondary Oil Recovery 


Secondary recovery (waterflood process) is conducted by 
injecting treated produced brines into oil-bearing strata to 
displace the oil to production wells. The brines are treated 
removal of iron and . suspended solids, and, after filtration, c 
small amount of sodium bisulfite is added to removed entrainec 
oxygen. Sodium tripolyphosphate is then added to prevent sea] 
formation in the pipes. The addition of the sodium bisulfate 
tripolyphosphate is a simple process and the concentrations us 
are so small that no environmental hazards exist from their us 

br?nS C Zi T 1 processin ? large volumes of oilfield 

d present serious potential environmental problems, 


attributed to oil and gas-field brine-injection operations. 


On the average, only about 30 percent of the original oil- 
in-place is produced by primary and secondary recovery methods. 
The remaining 70 percent of the oil in the ground is the target 
of tertiary recovery, or enhanced oil recovery, because this 
resource is estimated to be greater than 300 billion barrels of 
oil . 


Chemical Flood 


The two EOR processes that employ, and are based upon, the 
technology developed for secondary recovery are known as Chemic 
Flooding (or Improved Waterflooding) , and the Micellar-Polymer 
Process. Chemical Flooding, as the name implies, involves the 
addition of chemicals to the brine prior to injection. At pres 
three types of chemical compounds are in the forefront of chemf 
flooding. These are caustics (sodium hydroxide, sodium silicat 
ammonium hydroxide, etc) , detergents (alkyl aryl suflonates) , c 
polymers (polyacrylamide and polysaccharide) . A large body of 
experience has already been accumulated in the use of polymer 
solutions in oilfields, since more than 100 fields have been 
treated with polymers of various kinds. 

The construction of additional facilities (mixing tanks, 
storage tanks, pumps, pipes, etc.) are necessary to mix and 
process the chemical solutions at the field site: however, the 
additional facilities are not very much different from those ue 
in routine oilfield operations. Large quantities of chemicals 
will be injected over a long period, but it is not necessary tc 
store large inventories of chemicals at the field site. Hence, 
the potential for environmental damage from storage and operat; 
of the facilities is confined to a small area of the field and 
is limited to spills or leaks of less than the capacity of a 
railway car or truck. Precautions against health hazards to 
personnel using the chemicals in the field must be taken since 
all of the chemical compounds are severe irritants to mucous 
membranes . 

Chemical compounds produced with the brine and oil are noi 
a cause for concern because only a small fraction of the injeci 
chemical is eventually produced. The amount of chemical injec 
in a chemical flood is designed to be approximately equal to tl 


or below the oil zone when it cannot be used m the brine in^p 
tion program. 

The major potential environmental problems associated wii 
chemical flooding are: (1) Local air pollution by hydrogen 
sulfide removed from the produced brine during treatment, (2) 
Spills or leaks of chemical additives during transportation, 
storage and processing, (3) Health hazards from the dry chemic 
and solutions, to personnel operating the field, (4) Leaks frc 
surface storage and treatment ponds for produced brine, (5) Le 
from high-pressure pipes transporting mixed chemicals to the 
wells, (6) Underground leaks into shallow aquifers from damage 
or corroded wells, (7) Production into shallow aquifers from 
improperly plugged abandoned wells (possible when the pressure 
the oil reservoir is raised due to EOR activities,) (8) Produc 
into aquifers above the oil reservoir through an incompetent s 
above the reservoir (fracture or fault), (9) Subsidence along 
fault plane caused by increase in reservoir pressure and (10) 
Subsidence caused by chemical disaggregation of the oil reserv 
rock matrix. 


Micellar-Polymer Process 

The micellar-polymer EOR process involves four separate 
phases of fluid injection beginning with a "preflush" injectii 
of fresh or low salinity water, necessary to adjust the salin 
and pH of the reservoir. The microemulsion is composed of a 
hydrocarbon, brine, surfactant, co-surfactants (generally alcol 
and electrolytes. The third injected fluid is a polymer solul 
whose increased viscosity assists in more efficient displacemc 
of the oil bank and the microemulsion. Brine injection follov 
the polymer solution as the fourth fluid-injection phase. 

th ^ micellar “ polymer process is considerably moi 

p?oc2r^« e ^“ d ^-neS e f aPPliC f i0n of 

additional transportation, storage and ria^efvSe^of ' ^ 

^dlnd^rnhasS^tMS 11 ?' 1 ^ 

chemicals will be injected f°Y e)a lar( ? e amount of 

compared to chemical flooding Therpf V6lY f hort tlme when 

oaing. Therefore, large inventories c 


mental concerns are intensified, but no new ones are added. 
Health hazards to personnel become greater because larger 
quantities of chemicals must be processed. Any leaks from 
surface storage or pollution of shallow aquifers from abandonee 
or incompetent wells going undetected for a long period would 
result in severe damage to ground or surface streams. However, 
recognition of intensified environmental concerns should result 
in more stringent design specifications of equipment and closei 
surveillance of operations. If abandoned or improperly plugged 
wells are suspected, monitoring of any fresh water aquifers ale 
the hydraulic gradient during the chemical injection phases wil 
be necessary. 

In field tests of chemical flooding and micellar-polymer 
processes conducted so far, low-salinity water is used at varic 
stages (preflush, surfactant solutions, polymer solutions, etc. 
However, the trend is to design systems less sensitive to salt 
content and perhaps compatible with the produced oilfield brine 
If this trend does continue and chemical solutions can be pre- 
pared in brines supplied by a brine aquifer and the oil reserve 
the presently foreseen socioeconomic impact of freshwater demar 
will be alleviated. If it is not possible to use oilfield 
brines for all of the chemical solutions by the time EOR proces 
are developed on commercial scales, a close analysis of water 
availability and negotiations for allocation will be required 
prior to implementation. 


Thermal Processes 


Three types of thermal processes have currently gained 
widespread recognition: (1) the steam soak process, (2) steam 

drive, and (3) in situ combustion. Processes using steam are 
viable commercial enterprises for viscous oils in California 
where approximately 250,000 barrels of oil are produced each dc 
by steam injection. DOE will soon conduct some pilot field 
studies in the mid-continent region to use steam for enhancemer 
of oil recovery from deeper, less viscous oils than those of 
California. 

Steam Soak : This process involves the injection of steam 
for 10 to 30 days, followed by a shut-in period to allow for he 
transfer and penetration of the steam. The wells are then oper 
for the production phase of the process, which may last as lone 
as 6 months. The actual duration of the periods of injection, 
soak and production depends on the characteristics of the oil, 
formation, and experience of the operator. 
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Condensation c 


or m situ aisciiidtiwi, 

products of distillation, and gas expansion, 
steam produces a zone of hot water that behaves as a hot wat 
flood. The maximum anticipated oil recovery from the commer 
projects now in progress is about 50 percent of the reservoi 
in place. 


Environmental Aspects of Steam Stimulation : The steam 
processes require a constant source of fuel to generate stea 
along with an ample source of fresh water. Crude oil produc 
from the field, natural gas, processed fuel and coal are use 
steam generation based on availability, economics, and air p 
tant emissions. Water requirements depend upon the process 
use, total amount of steam required, and the ratio of the arr 
of injected steam (as equivalent amount of water) to the amo 
of oil produced, which may range from 0.1 to 5.0, or more, 
requirements gradually increase as depletion occurs. 


The actual pollutant emissions from steam generation de 
on a large number of variables such as the type of fuel and 
chemical composition, the efficiency of heat exchange, desig 
the boilers and stock, and meteorology. If produced oil is 
for fuel, approximately one-fourth of the production is cons 
in producing steam. Emissions from a 50MM Btu/hr boiler may 
include: SC> 2 (10-25 kg/hr), NO x (2-10 kg/hr), solid particu 

(1-3 kg/hr), unburned hydrocarbons (0.2-0. 5 kg/hr), and CO ( 
1.0 kg/hr). These are very broad ranges, but it is not poss 
to present exact figures without measuring a specific instal 
over a long period. However, one can realize from the data 
steam stimulation processes add a potential, and real, air- 
pollution hazard arising from direct-fired boilers. Since t 
total amounts of these pollutants must be maintained below S 
and Federal emission standards, the use of steam is constrai 
by the particular environmental standards involved. Perhaps 
constraint could be lifted if the boiler flue gases can be c 
pressed and added to the steam line, or injected separately 
the oil-producing zone, to assist in production of the oil. 


DOE has a contract with the Carmel Energy Co. to test s 
a process in Kansas. The Vapor Therm process is designed to 
recover heavy oil by injecting a mixture of gases and steam 

thp U n?i the ^ lscoslty of the oll > dissolve carbon dioxide gas 

cases n P h£ re ^ ervoir Pressure. The hot combu 

water ihereVlir/ l0W fr ° m the burners into a drum containin 
water where steam is generated by direct contact of the hot 

combustion gases with the wai-pr rnu„ noi: 

y wiui one water. The steam combined with th 


coitidust-jluii piuuutta xa injeuLeu at tne weiineda dt jou -oou a , 
In addition to its function as a steam generator, the water dru 
also acts as a scrubber for the combustion gases. The water 
removes corrosive components which are neutralized prior to 
injection of the steam. Many of the solid and corrosive compo- 
nents in the exhaust gas are trapped and neutralized in the ste 
drum. Although small amounts of the water in the steam drum mu 
be removed regularly, atmospheric pollutants are almost entirel 
eliminated and beneficial results to oil production are obtaine 
from injection of the combustion gases. 

The demand for fresh water is a major consideration of 
steam-injection processes since water containing salts cannot b 
used because of severe, irreversible damage to the boilers. Tb 
steam is employed to improve the mobility of viscous crude oils 
that cannot be produced by other known techniques. Tests are 
also being designed to determine the feasibility of using steair 
drive processes for enhanced recovery of less viscous oils in t 
mid-continent region. In all cases, the demand for water must 
compatible with regional water availability to municipalities a 
agricultural interests; therefore, this is a major initial 
consideration for all proposed steam-injection projects. There 
are several other environmental concerns associated with steam- 
drive processes in addition to air emission from the boilers an 
the water demand. Large amounts of produced water must be 
separated from the oil, treated, and disposed of in accordance 
with existing state pollution-control regulations. Produced oi 
emulsions are frequently difficult to break and require special 
treatment for resolution. The entrainment of oil from oil-wate 
separation and emulsion-breaking systems also requires close 
control because of the adverse effect it has on the water- 
disposal system. Provisions must also be made for disposal of 
solid wastes from scrubbers, boilers, tanks and flow lines. 

In Situ Combustion : Several fire-flood pilot studies were 
made in the mid-continent region in the decades of 1950 and 196 
but at the time they proved uneconomical and did not attain 
commercial prominence. However, the pilot studies were very 
important in development of theories and technology unique to t 
process . 

The in situ combustion processes are based on generation c 
heat within the reservoir by burning some of the oil in the 
reservoir. One procedure is simply the injection of air into a 
well followed by ignition of the oil and continued injection of 
air as the burning front expands radially around the well. Hea 
at the burning front (800°-l,200° F) produces steam, coke, 
destination of the oil, thermal cracking of some of the heavy 
ends and pressure to move the front toward peripheral productic 


wcxxo • 


because the largest amount of heat dissipation, or transfer 
the reservoir, occurs behind the burning front. The heat i 
burned-out zone behind the front is of little value, but ot 
methods have been devised to improve the heat transfer to t 
zone ahead of the burning front. One method that has gaine 
recent prominence is the wet combustion * process » After the 
burning front reaches a predetermined size, water is inject 
p3.ece of air to act as a medium to transfer heat from the b 
out zone to the oil zone ahead. After an initial transfer 
heat as steam, the burned-out zone is cooled. Continued in 
of water results in a hot-water drive which reduces the vis 
of the oil and furnishes the driving energy to move the oil 
the production wells. Other methods involving the transfer 
heat to the oil zone by water are employed, (such as altern 
injection of air and water) but detailed analyses of these 
beyond the scope of this paper. 


Air emissions from a well-designed in situ fire flood , 
minimal. The thermal cracking reactions at the hot combust, 
front produce light hydrocarbons that may escape during pro< 
tion at the surface along with some carbon monoxide, carbon 
dioxide and sulfur dioxide. However, the larger portion of 
compounds probably remain confined in the reservoir. NO v p: 
tion generally is absent because the lower burning temporati 
does not favor their production. 


Water produced with the crude oil can contain signifies 
quantities of metals and metal oxides dissolved in the acid: 
waters. These can cause contamination problems through spii 
and from leaks of the acid waters while they are being procc 
on the surface for subsurface disposal. The pH of the rosei 
water may be lowered to 2.5, enough to cause severe corrosic 
well casings in plugged (abandoned) wells and may lead to cc 
tamination of other aquifers communicating with the firo-flc 
oil reservoir through the corroded segment of the abandoned 
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may be injected directly into a gas cap above the oil zone to 
furnish a reserve of displacement pressure. 

Before a decision to use gas flooding is made, a large, co 
stantly available source of inexpensive gas must be near the oi 
field. Examples are a producing gas field or a gas-processing 
manufacturing plant producing one of the required gases as a by 
product. The gas can be transported to the field by pipeline, 
truck or railroad tank car. 

Transportation of the gases to the field by pipe, truck or 
rail is under strict regulation by both State and Federal statu 
An accidental spill, or large leak, from any of these sources m 
cause severe local hazards including the possibility of a fire 
or explosion, but dissipation and dilution in the atmosphere wi 
remove the hazard. One must also consider the fact that a viab 
economic incentive exists for not losing the valuable commodity 
being transported. 

Water may be injected in large quantities in addition to t 
gas requiring the treating and processing of large volumes 
of water at the surface similar to operations of a secondary 
recovery process. The water is obtained from the produced wate 
and recycled with added water obtained from a brine aquifer or 
nearby source of surface water. The water is generally treated 
for removal of solids, adjustment of pH, oxygen removal to 
reduce corrosiveness, and bacteria growth. 

Air emissions at the field will generally originate from 
power facilities such as diesel or natural gas engines used in 
generating electrical power. Some hydrogen sulfide may also 
escape from the water-treating facilities. Other minor emissio 
may originate from storage tanks, vapor-recovery units and heat 
treaters . 

The potential for surface or shallow ground water pollutio 
is the same as discussed previously for any field project pro- 
cessing large quantities of brine at the surface for reinjectio 
Stored or impounded brine may leak, field pipelines may develop 
leaks, and well casings may crack or corrode during injection a 
production operations causing ground-water contamination. The 
potential of leaks and pipeline breaks have long been recognize 
as a result of secondary oil production. Because of strict Sta 
regulations, equipment design and constant monitoring, the 
likelihood of leaks and spills during enhanced oil-recovery 
operations is considered less than for conventional operations. 


be placed in a pipeline if the hyarocaroon Auteui .uiuc 

or it may be burned if the nitrogen and sulfur content will 
exceed ambient air-pollution standards, and the quantity pro 
is not sufficient to be of conuneirciel value. Finally , it ma 
compressed and injected into the formation from which it was 
produced as a pressure-maintenance technique as well as for 
disposal . 


LEGAL ASPECTS 


The Department of Energy has been mandated by law to as 
the environmental aspects of all EOR processes, and to assur 
that the commercialized EOR technologies are environmentally 
acceptable. The EOR projects are required to meet Federal, 
and Local laws, regulations and standards. In this context, 
laws are those regulations for the enforcement (by agencies 
as the EPA) of standards established under the laws. 


The National Environmental Policy Act of 1969 (NEPA) , p; 
91-190, requires Federal agencies to consider the environmen- 
all actions that may affect the environment and to prepare 
Environmental Impact Statements for any major Federal action: 
that have a potential for an adverse effect on our environmet 
To implement the act, NEPA established the Council on Enviroi 
mental Quality which presents guidelines to Federal agencies 
respect to policy, responsibilities, planning and response 
elements, operations and coordinating instructions. DOE's NI 
implementation guidelines provide for an ongoing and continue 
environmental appraisal and review process, including the pre 
aration and publication of EIS. 


The Clean Air Act and its amendments of 1970 and 1977 (] 

91-604 and PI 95-95) vested implementation authority in the 
administrator of the EPA. . Each state has the primary respon: 
bility for assuring air quality within the state. EPA is in< 
ted to compile a list of air pollutants to which the Act a PP : 
prepare air-quality criteria, and determine ambient air stanc 
for pollutants listed in the air-quality criteria. 

EPA regulations implementing PL 91-604 include th^ 
sL r nS Ua d Uty Sta ^ d S (NMQS) Pr ^ mar y and Secondary Ambient 
monoxide 3 oho^o ° XideS ' P-ticulate^atte?? c! 
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in areas such as California where the standards are exceeded in 
some cases. Compliance is site specific and can change if the 
standards are changed. Under the Clean Air Act Amendments 
recently passed by Congress, areas which have not attained NAAQS 
must do so by December 31, 1982. To achieve this goal, EPA is 
promulgating an emissions offset policy. Under this policy, no 
increase in emissions will be allowed unless there is a corre- 
sponding reduction in emissions from existing sources. 

The Clean Air Act Amendments of 1977 allow states to preven 
degradation of air quality by SC >2 and particulates where air 
quality is superior to the NAAQS. Under these provisions, 
states are allowed to classify their regions into three zones: 
Class I Regions (with very clean air) where only extremely small 
emission sources are permitted. Class II Regions where new 
sources with moderate emission sources are permitted, if the 
combined effects of all sources do not exceed the allowable 
increments of air-quality deterioration, and Class III Regions 
where emissions from new sources are allowed to the extent of 
compliance with the NAAQS. Since many of these regions have not 
yet been designated, it is difficult to determine whether EOR 
target regions will be subject to air-quality provisions that ar 
too stringent, given the current environmental control technolog 
for the processes. 

New Source Performance Standards are also changing. For 
example, prior to passage of the Clean Air Act Amendment of 1977 
EPA set a tentative deadline of February 1978 for proposing New 
Source Performance Standards for coal-fired boilers, which may 
apply to boilers fired by other fuels as well. The proposed 
standards cover particulate matter, sulfur dioxide, and nitrogen 
oxide emissions. Preliminary information indicates that, standar 
will be proposed for small boilers which are the most common for 
EOR steam processes and are not currently regulated. Depending 
on how stringent the regulations are, new boiler installations 
may be required to add control technology not previously used at 
steam-injection sites. Similar regulations could also develop 
for other aspects of EOR processes as well. 

The Federal Water Pollution Control Act provides the frame- 
work for regulation of waste-water discharge to surface waters. 

A National Pollutant Discharge Elimination System Permit is 
required under this act before waste-water discharge to surface 
waters from any source. The intent of the act and the discharge 
permits is to require use of the best technology economically 
available by 1983 and to attain and maintain receiving-water 
quality adequate to assure protection of public-water-supplied 
water used for agricultural and industrial operations, and the 



^U^at^rsyKrc^erln, discharge permits and certificate 


A maior obiective of the Federal Water Pollution Control l 
was to p?i?ent Jhe discharge of pollutants into navigable wate. 
the contiguous zone and the oceans. T J e 

prohibited, but under the provisions of the act pollutant 

not include the injection of water, gas and ° th ?L JeaSlation * 

wells to facilitate production of “’it-hin the^il- 

oilfield operations is left to authorities within the oil 

producing states. Therefore, the various states retain contro. 
of the injection of fluids in enhanced oil-recovery operations 


FOR activities may be regulated under the auspices of the 
Safe Drinking Water Act. Enhanced oil and gas-recovery proces: 
are given special consideration under this act. The law state: 
that Federal regulations for the state underground injection 
programs may not prescribe requirements which impede any under 
ground injection for the secondary or tertiary recovery of oil 
and natural gas, unless such a requirement is essential to 
assure that underground sources of drinking water will not be 
endangered. 


Although there are no Federal statutes, state water-use 
laws may present severe constraints to EOR development. Weste 
states water riparian laws are aimed toward defining allocatio 
for usage of the water resources. In essence, fresh water is 
limited supply and competing demands for it must be addressed 
through this system. 


The Occupational Safety and Health Act provides for the 
protection of workers by assuring a safe and healthful work 
environment. The Department of the Interior Regulations relat 
to pollution control and waste disposal include leasee require 
ments against pollution of streams and surface or underground 
waters. The Bureau of Land Management obligates leasees to ta 
reasonable precautions to prevent soil errosion, damage to 
forage and timber growth, air and water pollution, damage to 
fossils, historic and prehistoric artifacts. The Bureau also 
requires the leasee to fill sumps and other excavations, remov 
or cover debris, and to restore the surface to its original 
condition at the end of field operations. 


■me environmental aspects ox jiUK require tne acquisition or 
a considerable data base to: (1) assure compliance with state 
and federal laws, regulations and environmental standards, (2) t 
insure that a minimum of environmental disturbance occurs as a 
result of the EOR program, and (3) to alleviate any accidental 
environmental damage that might occur. 

The constraints to EOR development from laws and regulation 
water availability, socioeconomic impacts, environmental monitor 
ing programs, etc., are being assessed. In addition, some areas 
of research have been initiated to develop specific data. These 
will be described briefly. 

Research has been initiated to determine the rates and pro- 
ducts of decomposition of the chemical compounds used for EOR 
under laboratory-simulated subsurface conditions. This work wil 
be used to analyze the long-term viability of the large quantiti 
of EOR compounds injected during future commercialization of EOR 
technology. As a companion to this work, the dispersion and 
chromatographic properties of the EOR compounds are also being 
investigated under simulated reservoir hydrological conditions. 
These data will be employed to predict the long-term migration 
properties of the injected EOR compounds. 

Biological degradation rates of EOR compounds by various 
cultures of bacteria is also under investigation. The data will 
be used to determine the natural decay rate of EOR compounds 
which may accidentally have polluted a segment of land or a 
shallow aquifer. Information on the degradation kinetics of 
specialized cultures may be useful to actively degrade spilled 
EOR compounds by innoculation with specially cultured bacteria. 

The transport properties and natural chemical degradation 
rates of EOR compounds in shallow aquifers is also being studied 
to develop data that can be used to anticipate the migration 
pattern and decay of the compounds. 

Studies are also being conducted to determine the circum- 
stances under which the injected EOR compounds will initiate 
local seisimic disturbances. In a related study, the reactions 
of the EOR chemicals with the cementing and supporting matrix of 
sedimentary geologic materials is under investigation. Data 
derived from this study will be used to determine whether long- 
term contact of the chemicals with sedimentary geologic material 
will disaggregate the strata and cause land subsidence to occur. 

Other research specific to environmental concerns of EOR is 
anticipated as noted in the Environmental Development Plan ( 2 ) . 


In the study of the environmental aspects of enhanced 
recovery, eight areas are of concern: Atmospheric emmissio 
water use, groundwater impacts, waste-water effluents, soli, 
wastes, occupational safety and health, physical disturbance 
and noise. These are being addressed for the overall EOR p. 
in a Programatic Environmental Impact Statement now being p: 
paired. Each issue is also considered in individual Environ) 
Assessments of each field test site. Research has been ini' 
in areas where scientific data are not currently available 
determine possible environmental consequences of commercial: 
of EOR technology. 

Developments in Federal, State, and Local laws, regulai 
and standards are being followed closely to ensure complianc 
DOE activities and to be informed as well as to assess the j 
jected impact of the legal considerations on Enhanced Oil 
Recovery . 
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K.E. Wilzbach, C.D, Livengood, and P.S. Farber 
Argonrie National Laboratory 


The development of new energy technologies carries with it a respons 
bility to identify and evaluate appropriate environmental control technol- 
ogies and/or strategies. In the area of coal utilization, a continuing pr( 
gram for this purpose is being sponsored at Argonne National Laboratory (A1 
by the Division of Environmental Control Technology, Assistant Secretary f< 
Environment, DOE. 

As part of the program, in-depth engineering and economic assessment 
of available and near-term control technologies have been made by the ANL 
staff and several subcontractors. The topics covered include coal cleaninj 
NO control, particulates collection, flue gas desulfurization and denitri- 
fication, low-Btu gasification with combined-cycle generation, and solvent 
refining of coal. The development of advanced technologies, such as MHD 
and fuel cells, is being monitored in-house together with such other fuel 
cycle elements as coal transportation. 

Another important aspect of the program is the comparative evaluate 
of different control technologies. To facilitate this effort, an extensivi 
data base of coal properties and reserve amounts has been established. All 
information to yield data from which estimates of cleanable reserves can b< 
attempted. In order to use this large volume of data efficiently and spee< 
the assessment task, computer models of control technologies are being de- 
veloped for incorporation into a systems analysis framework representing tl 
coal fuel cycle. To date, this framework has been used for several case 
studies of different power generation scenarios. These studies have inclu 
both eastern high sulfur coals and western low sulfur coals, and have util 
ized plant sites consistent with current practice. The comparisons have 
determined the least-cost mix of coal type and control technologies needed 
to meet current environmental regulations at each site, while at the same 
time producing electricity at minimum cost. Costs and energy usage for 
environmental control have been derived with respect to a reference 500-fIW 
power plant. The effects of proposed regulatory changes have also been 
investigated and have been shown to produce significant increases in both 
power costs and energy usage for environmental controls. 

At present, the ANL comparative assessment model is only applicable 
conventional combustion techniques. As performance and economic data beco 
available on advanced techniques such as fluidized bed combustion, MHD, li 
uif action, and gasification/combined cycle systems, this information will 
be incorporated into the comparative assessment model. Once this incorpor 
atlon has been completed it will be possible for the Department of Energy, 
other interested users, to evaluate the effects of these technologies on 
power generation while meeting environmental regulations on a site-specifi 


TECHNOLOGY FOR COAL-FIRED UNDUbTKUU, 


T. W. Sonnichsen, R. E. Thompson, KVB, Inc. 


and 

H. Huang, Argonne National Laboratory 


This paper is a synopsis of a study conducted for Argonne National Lab 
to examine the effectiveness of combustion modification methods for NO 
applicable to coal— fired industrial boilers including low excess air, 
combustion and burner modifications. Boiler types considered included 
and underfed stokers, spreader stokers, pulverized and cyclone fired u 

Baseline (as-found) NO emissions from grate fired stokers were shown 
the range of 200 to 30$ ppm. Similarly, as-found emissions from suspe 
fired units were quite low as compared to comparably designed utility 
Low excess air was shown to be the most effective method on existing u 
emissions by approximately 10%. Evaluation of staged combustion and b 
fication, however, were limited due to current boiler designs. Major 
modification/ design and implementation are necessary before the potent 
techniques can be fully evaluated. 

The study emphasized the numerous operational factors that are of majo 
to the user in selecting and implementng a combustion modification inc 
energy considerations, incremental capital and operating costs, corros 
secondary pollutants and retrofit potentials. 


THE LOW NO HEAVY FUEL COMBUSTOR CONCEPT PROGRAM 
X 

John R. Facey 
U.S. Department of Energy 
Energy Technology 

and 

Richard W. Niedzwiecki 
NASA, Lewis Research Center 


The objectives of this program are to generate and demonstrate the 
technology required to develop durable gas turbine combustors for uti] 
and industrial applications, which are capable of sustained, environme 
acceptable operation with minimally processed petroleum residual fuels 
The program will focus on "dry" reductions of oxides of nitrogen (NO ] 


or shale; ; acceptable exhaust emissions of carbon monoxide, unburned 
hydrocarbons, sulfur oxides and smoke; and retrofit capability to existing 
engines . 


ASSESSMENT OF ENERGY AND ECONOMIC IMPACTS OF PARTICULATE 
CONTROL TECHNOLOGY IN COAL-FIRED POWER PLANTS 

V. Ramanathan 
S. Reigel 
P. Gorman 
P . Reider 

Midwest Research Institute 


Midwest Research Institute has carried out a project, under a contrac 
with Argonne National Laboratory, to assess the economic and energy impacts 
of particulate control systems in coal-fired power plants. The assessment 
was based on major functional variables such as plant size (100 to 1,000 
MWe) , location, coal type, and emission standards. The work on this progran 
resulted in the generation of algorithms, to predict equipment cost, instal- 
lation costs and energy usage for various particulate control devices. The 
devices considered were electrostatic precipitators (hot side and cold side) 
fabric-filters (reverse air and shaker types) and wet scrubbers. 

First, a boiler performance model was developed using variables such 
as plant size, coal characteristics, etc. The output from this model (i. e. , 
flue gas flow rate, grain loading, etc.), then was utilized in control devic 
performance models to generate required design and operating parameters for 
the control systems under study. These design and operating parameters wer< 
then used in the cost models. 

The cost models aggregate three cost items: the first costs (capital 
investment), total first-year annualized costs and the integrated cost of 
ownership and operation of the control equipment over an assumed plant life- 
time of 30 years. The models have been programmed for speedy computation. 
However, the algorithms are easily solvable with a hand calculator. In add: 
tion, suitable guideline values have been provided for independent variable! 
wherever necessary. Ample case studies are presented to demonstrate use of 
the models. 


Harvey M. Ness and Stanley J. Selle 

U.S. Department of Energy 
Grand Forks Energy Technology Center 


Fly ashes from the combustion of many Western and Gulf Coal lignites anc 
bituminous coals contain high concentrations of alkali which can be usee 
wet scrubber for removal of S02* Additionally , dry methods of flue gas 
furization will be required for new and retrofit power installations in 
water-scarce areas in the Western U.S. The Grand Forks Energy Technolo^ 
of DOE has performed tests on utilizing fly ash in lieu of lime/limes toi 
130-scfm laboratory scrubber and a 5000-acfm pilot scrubber operated on 
gas slipstream at a utility burning North Dakota lignite , and on dry soi 
and injection techniques in a 75-lb /hr pulverized coal-fired pilot combi 

In this report, experimental results are presented on: 1) utilization oi 
ash alkali in a wet scrubber; and 2) a series of tests designed to evali 
trona and naheolite as dry sorbents for SO 2 control. Ash alkali wet sci 
results include the correlation of SO 2 removal, alkali utilization, and 
scale formation with operating conditions such as feed stoichiometric n 
(Ca/S) , liquid-to-gas ratio (L/G), pH, and the concentrations of suspenc 
dissolved solids^ Results on dry absorption of SO 2 include injection ii 
flue gas with subsequent collection in 1) a pilot ESP, and 2) a pilot be 
Temperatures of injection and residence times were varied to simulate fi 
conditions; the points of injection ranged from direct addition into the 
along with the coal, to addition at the inlet of a cold-side ESP or bagl 
Data on SO 2 removal efficiency and reagent utilization are correlated w: 
conditions. A parallel laboratory study on the kinetics of reactions b* 
the dry sorbents and flue gas SO 2 and NO^ are also described. 


Meyer Steinberg, Anthony S. Albanese, and Vi~Duong Dang 


Brookhaven National Laboratory 

C. F. Baes, et al, Oak Ridge National Laboratory 
Gregg Marland, Institute for Energy Analysis 


The possible adverse global environmental effects of buildup du< 
to fossil fuel energy utilization have prompted an investigation of possib! 
methods for its control. A systematic overview is presented for various 
routes for removal, recovery, disposal and use of CO^ from various control 
points in the global system. The effect of substitute alternative non-foss 
energy sources on the global CO. problem is evaluated. The energy and mass 
balances for a number of removal and recovery routes are used as evaluatioi 
criteria. Flow sheets are presented for conversion of CO 2 from various 
sources to synthetic carbonaceous fuels with the use of non-fossil energy. 
Several unique CC^ disposal alternatives are presented and discussed. 


THE IMPACT OF COGENERATION UPON EMISSIONS 
Eric Lister 

U. S. Department of Energy 
Energy Technology 


The objective of this paper is to highlight why an energy conservation 
technique such as cogeneration is of primary interest to a Fossil Energy 
group whose major criteria for success is the utilization of coal. The 
paper will show the following: 

1) That cogeneration can reduce the emissions/useful output 
by a factor of 3 to 5 and is therefore one of the leading 
technologies for the acceptable utilization of coal and 
coal-derived fuels. 

2) That if cogeneration on coal and coal-derived fuels is 
to become prominent in the industrial and commercial/ 
residential sectors it will require the continual 
development of (a) heat engines to handle the harmful 
agents in these fuels (b) heat recovery equipment so 
they can be cogenerated and (c) an on-going effort to 
identify and develop other critical technologies needed 
to make coal cogeneration the success that it promises 




ENVIRONMENTAL CONTROL - COAL UTILIZATION PROGRAM 

K.E. Wilzbach, C.D. Livengood, and P.S. Farber 
Argonne National Laboratory 

1 INTRODUCTION 


The Environmental Control-Coal Utilization Program is a continui 
Argonne National Laboratory (ANL) effort sponsored since 1976 by the Divisi 
of Environmental Control Technology, ASEV/DOE. It provides in-depth evalu 
tions of the technical, environmental, and economic aspects of control tec 
nologies for coal-based energy systems, as well as systems comparisons 
alternative control technologies and/or strategies. The program was deve 
oped in response to a need within ERDA, predecessor to DOE, for independe 
evaluations of the capabilities of existing technology and reviews of ongoi 
research and development programs. In this way, the program assists t 
Environment staff in fulfilling its responsibility to assure the adequacy 
environmental control systems for fuel extraction, conversion, and utiliz 
t ion. 

Subjects under evaluation span the coal fuel cycle from mine mouth 
waste disposal, as shown in Fig. 1, and include both current and developi 

ENVIRONMENTAL CONTROLS 


PRECOMBUSTION INTEGRAL POSTCOMBUSTION 



The 


realize that while these suoaivi.^ — ' 

niques are truly independent of other par s systems analyst 

are in fact so pervasive and far-reaching that y 
demanded for a complete assessment of any of the components. 


This systems perspective, coupled with the use of in-dept 
analyses, places the ANL program in a unique niche within t 
assessment efforts, being both more comprehensive than studi 
a single control technique or pollutant and more e a e 
gional or national energy assessments. Our approach begins w 
information on the costs, reliability, energy requ remen s, 
and secondary effects of pollution control systems from report 
sions with manufacturers, users, and developers of the process 
effort, the capabilities of the in-house staff are supplemented 
able use of subcontractors and consultants with special cap 
expertise. Evaluation of this information leads to the iden 
problem areas, inherent process limitations, and high-payoff 
search and development. 


Further, the information on individual processes is part 
to technology comparisons that use a computerized systems-a 
odology. These comparisons are used to identify the potential r< 
technologies as a function of environmental regulations, locati 
of development. In cases where several approaches appear to b< 
it is often possible to identify critical process parameters 
most effective in altering the existing balance or that are 
small changes in environmental requirements. 


The initial studies performed in the program were devc 
to surveying available technologies/strategies for the cc 
pollutants (SO 2 , N0 X , and particulates) from coal-fired uti 
These were presented in our first report, ANL/ECT-1, together 
of existing federal and state environmental regulations and t 
fects of pollutants. Some attention was also given to the coi 
pollution, disposal of solid wastes, and the status of fluid 
bustion (FBC) technology. Information gathered in that f: 
studies has subsequently been used to identify and scope m< 
assessments performed by subcontractors to ANL, resulting in 
series of reports dealing with individual lyjn^rol techno lgies. 
with these studies, the ANL staff has been analyzing areas 
technology not previously covered and has begun to study advan 
under development. All of these assessments are briefly re 
following section. The third part of the paper presents the 
typical technology comparison based on alternative regulator’' 


The technology assessments performed to date have focused o 
able and near-term technologies in order to establish an informat 
suitable for technology comparisons and for the evaluation of de 
environmental regulations that may affect coal-based energy systems 
data will also serve as benchmarks in analyses of mid-term techi 
Several such studies are now being developed by the program staff 
be noted in the following discussion. 


2.1 PRECOMBUSTION CONTROLS 

Precombustion, as defined in this program, encompasses all oj: 
from the mine mouth up to the fuel utilization step (the boiler, in 
tional systems). It can range from a simple conveyor belt and stor 
in the case of a mine-mouth plant to complex arrangements involving 
stages of transportation and storage coupled with coal conversii 
alternative form. 


2.1.1 Coal Transportation 


Transportation facilities (rail, barge, truck, pipeline) ar 
significant in determining both the availability and delivered < 
specific coals or coal products. Thus, the fuel choice at a partict 
and, through the fuel characteristics, the selection of environmen 
trols can be influenced by the transportation system. There may a 
significant consumption of fuel or other resources and production o 
tants during transport, although the latter are admittedly widely dist 
However, these transport-related pollutants will become more notic 
the system evaluation as on-site emissions are lowered. 

An extensive survey of the available literature on coal transj: 
has been made by the program staff with particular emphasis on envii 
effects and costs. This information will be incorporated into future 
tive systems evaluations. 


2.1.2 Coal Preparation and Cleaning 

By far the most extensive effort in the precombustion area 
an assessment, performed by Bechtel Corporation, of coal prepara 
cleaning technology. That study addressed current industry pract 
developing methods for both physical and chemical cleaning, as wel 
effects of cleaning on important coal properties. Detailed flow sh* 
used to generate estimates of costs and environmental impacts due to 
specific coals. Although the results were far too comprehensive to j 
here, one can conclude that significant sulfur reductions are poss 
carefully selected coals if fine-coal cleaning is employed. Howev 
technique carries with it potential environmental problems in the de* 


from the U.S. bureau oi aiwo, .^n « qi r 

reserves were matched with washahility ata an “ acC ount for 8C 
data file. This included 35% of the reserves that account 

production. 


2.1.3 Solvent Refined Coal (SRC)_ 


More extensive coal processing is represented by the > SRC-1 
duct) and SRC-2 (liquid product) technologies. A preliminary 
literature and pilot plant results for SRC-1 was performed for or 
Air Products and Chemicals, Inc. That project also inc u e e 
product costs and material and energy balances for a 20 »°^I t ° ns " 
feed plant. Product costs were estimated at about $3.25/10 Btu 
for a delivered coal costing $25 per dry ton. Finally, the p 
SRC-1 as a fuel were discussed relative to conventional pulverize 
need for some burner redesign was identified, as was a potential 
high N0 X emissions. 


A more recent study conducted by the ANL staff surveyed e 
monitoring results obtained at the Ft. Lewis pilot plant. No 
meeting existing air and water standards were identified, but th 
of the plant and the limited testing data available preclude any 
sions at this time. 


2.1.4 Coal-Oil Mixtures (COM) 


The use of COM has been widely discussed as a potential fu< 
ing boilers. It would further the nation's goal of greater coa] 
while, it is hoped, creating minimal environmental problems, 
study of this technique by the program staff has revealed hi 
degrees of success in producing, storing, transporting, and firi 
ways in which different oil and coal properties affect the COM £ 
the consequences of prolonged use are not well-defined. 

Some add-on flue-gas cleanup controls will probably be 
COM use, but the requirements will vary with the sulfur contents 
and oil used, as well as their relative proportions. This is dui 
that the applicable regulations are generally a combination (on ; 
cent basis) of those for coal and oil taken separately. 


2.2 INTEGRAL CONTROLS 

Taking advantage of inherent system characteristics to i 
ronmental control goals is obviously attractive insofar as it ri 


excluded as an adequate stand-alone technique by the percentage 
requirements of new environmental standards* The other integr; 
options studied by the ANL program and described in this section 
viable, but their vulnerability to regulatory change should not 
looked* 


2.2*1 Combustion Modifications for N0 V Control 

An analysis of combustion modification techniques for N0 X 
utility boilers was performed by KVB, Inc* It identified staged 
and low-excess-air operation as the most cost-effective methods fo 
units* For new units or extensive retrofits, improved burner de 
found to offer promise of even greater reductions* There is co 
variation in the NO x -reduc t ion potential between various combii 
boiler type and combustion modification, but the reductions now a 
commercial units are generally less than 50% and typically only 20-3 
ational concerns are centered mainly on unresolved questions about 
arising under these operating conditions* 

KVB is presently developing an update of this report to incl 
opments in the field during the past year. Also, they have rec 
pared a similar study of N0 X control through combustion modi£i< 
industrial boilers* Similar techniques are used, but the analysis 
cated by the wide variation in furnace types and sizes* This worl 
tiated in anticipation of increased policy interest and regulator 
related to the industrial use of coal. 


2.2.2 Fluldized-Bed Combustion (FBC) 

The possibilities inherent in FBC for integral control of S 
while providing economic power for utilities and industry have bi 
discussed. The strong base of information that exists at ML for 
nology has enabled the program staff to develop assessments of FBC 
ties and existing or potential problems. One such study is now i 
tion. 


However, in order to obtain an independent point of view, M 
oration has been engaged to analyze results reported at the 5t1 
tional Conference on FBC held in December 1977. They have had 
access to these data as conference organizers* The method used 
be unique in the way data, issues, problems, and information gap! 
sented in matrix form. Also, it uses a linear approach to conclus 
opment that is independent of prior knowledge regarding issues or 
This may be regarded as either a strength or weakness, depending 
needs. This work is now nearing completion. 


(IGT) , and entrained-flov (Foster wneexex, ‘ 

and Montana coals. With this work as a basis, a more ex e 
has been undertaken by United Technologies Research Center. Ia 
the above gasifiers, a Texaco unit is being included in this stud 
both Illinois bituminous and low-sulfur Montana subbituminous coals 
used in the analyses. This work is now nearing completion. 


Both studies have found the G/CC systems to emit lower qua 
pollutants than conventional power plants and to be economically c 
with existing technologies. However, the wide band of uncertai 
associated with these cost estimates precludes any firm conclusioi 
time. This uncertainty is largely due to the need for further 
development of both gasifiers and the advanced high-temperature ga 
required. These developments will be crucial to commercializati< 
technology, since significant cost advantages must be shown befc 
novel approach will be accepted by the utility industry. 


2.2.4 Other Developing Technologies 

Assessments of two additional coal utilization technolog: 
porating integral controls are now being planned. Advanced molter 
fuel cells may offer unique siting opportunities as well as highly 
coal utilization. The cells are generally viewed as environmental 
but the environmental control aspects of the fuel conversion proce 
relationship to the fuel cells merits analysis. 

Power plants based on magnetohydrodynamics (MHD) also 
promise of high efficiency. An upcoming study will explore nui 
answered questions regarding the efficiency of both integral i 
environmental controls for this technology. 


2.3 POSTCOMBUSTION CONTROLS 

Most questions about environmental controls have been cente 
costs and effectiveness of postcombustion cleanup systems. For th 

a very significant part of our program s effort has been devott 
area. 


2.3.1 Particulate Collection 


Several studies have been devoted to the assessment and n 
particulate collection systems. The first of these, conducted b 
Research Institute, discussed the sources and characteristics o' 
applicable emission regulations, available technologies techni 


on a combination of emissjion regulation, coal sulfur and ash content 
characteristics. | 

In order to further explore the tradeoffs between differen 
Midwest Research Institute was engaged to develop energy and econc 
of available particulate collection equipment suitable for our c 
evaluations. That model supplements a previously developed comput 
written at ANL (see Sec. 3.1). 

Another study was performed at Manhattan College with th 
assessing collection techniques for fine (submicron) particulal 
Particles in this range are of great concern, because they are resj 
may carry toxic trace elements. Topics addressed in the study in 
formation and characterization of fly ash for different coal and bod 
the performance of both conventional and novel devices, and energy, 
and operational aspects of the alternatives. Baghouses were ide 
the most attractive option among available alternatives as emissior 
are tightened, although ESPs may be competitive for high-temperat 
pressure applications. Novel devices under development were judge 
little promise for improvement in fine-particulates control befo: 
best. 


At the present time, we are sponsoring a study by KVB, Inc. 
tigate any correlations between combustion conditions and particul 
tion. If sufficient data are found to be available, this study v 
in a better understanding of how particulate control is influenc 
and combustor characteristics. 


2.3. 2 Flue Gas Desulfurization (FGD) 

No other area under the purview of this program has been t 
of such controversy as FGD. This is due to a number of factors, 
strong regulatory pressure for development, a limited base of exp 
utility applications, and the lack of firmly established "standar 
or design procedures that consistently produce satisfactory pc 

A study surveying the status of FGD, worldwide as well 
U.S., was performed for us by the Tennessee Valley Authority (T 
than 20 different process types were identified. These were divl 
equally between those yielding throwaway and recoverable products, 
the only significant experience in this country is for throwawc 
limestone (L/LS) systems, which comprise about 95% of the opera 
systems on a megawatts-served basis. The study identified mime 
ational problems and high maintenance requirements for these s 
pointed out that there is as yet very little experience with FG 
fired with high-sulfur coal. 

Subsequent projects by both TVA and Batelle Columbus L; 


If regulatory requirements for N0 X reduction in 8tat ona 

are increased, the combustion modification techniques noted in Sec. 

no longer be adequate. In anticipation of such a pc s8 ^> L J* 
KVB, Inc. to include in the NO x -control study mentioned P^° U1 
tion on gas-phase reduction of N0 X . Ammonia injection appears 
but large-scale coal-fired tests are needed to verify its effect! 
investigate costs and secondary pollutants* 


In another assessment, TVA reviewed processes currently be 
oped for the simultaneous removal of N0 X and SO 2 from flue gases, 
such processes, most Japanese in origin, were evaluated in some de 
most advanced types were found to be dry selective catalytic red 
wet oxidation-absorption-reduction. However, further process d€ 
scale— up, and application to flue gas from coal— fired boilers ar 
before realistic assessments of their potential roles in the U. 


made. 


2.3.4 Solid-Waste Disposal/Utilization 

The question of solid-waste disposal has been reviewed b} 
ANL staff and several subcontractors in connection with studies o 
late control, FGD, and FBC. In general, the concerns identifiec 
volved about cost, questions of land-use policy, and the possibl 
water pollution through leaching. Passage of the Resource Conser 
Recovery Act (RCRA) has greatly increased concern regarding t 
question because vastly increased disposal costs could be in the of 
view of this area is planned pending an evaluation of the regulat 
formulated by the EPA. 


2.3.5 Waste-Heat Disposal/Utilization 

The disposal/utilization of power plant waste heat is right 
sidered as an environmental control technology, and one that ha! 
been the subject of considerable controversy. Assessments of the e 
tal, performance, and economic factors associated with the variou 
techniques are now being planned to supplement preliminary data e 
the AWL staff. J 6 


The comparative assessments draw upon information generate 
detailed technology evaluations. These comparisons can involve t 
coal-to-power system, or they may focus on specific system elements 
particulate control. In order to provide this flexibility, i 
approach is used wherein each module represents a significant, 
nically separable, component of the system. The modules are gradu* 
computerized as sufficient data become available through the acqui 
development of models. Several computerized data bases are also ii 
ment as sources of input information for the comparisons. 


3.1 MODELS AND DATA BASES 

One data base was the result of the effort described prev 
integrate coal reserve and washability data. At this time, integi 
been achieved for 189 different state/county /bed combinations. Ho* 
fact that many coals were tested more than once leads to a total of 
integrated data sets. Present plans call for significantly expan 
sample using additional washability information collected recently. 

A related data base has been developed using the Bureau of 1 
serve and analytical data tapes. More than 56,000 separate entrie 
available in the base. The information is useful in providing 
coal analyses for the evaluation of control performance, identifying 
differences in coal characteristics, and assessing coal variability. 

Modeling efforts by subcontractors to the program have been 
in the preceding sections. These efforts have included the enti 
generation system, FGD, and particulate control. The ANL staff 
been active in this area with the development of a particulate coni 
incorporating cost and performance information for ESPs, bagho 
scrubbers. The model calculates energy consumption, capital cost 
cremental electricity cost for each option as a function of coal p: 
plant size, and regulatory constraint. An example of the program 
shown in Fig. 2 for a comparison Involving a slightly cleaned, L 
eastern coal. Note that the most economic options in this case at 
ESP and the baghouse, with the hot ESP favored under present NSPS 0 
Btu) and the baghouse having a slight advantage under the propose 
NSPS (0.03 lb/lO^ Btu). This type of analysis was used to s 
least-cost option for each regulatory alternative in the folio 
parison. 


3 . 2 EXAMPLE COMPARI SON 

Recent months have seen a vigorous debate waged over the 
revisions to the federal New Source Performance Standards. For tl 
we have developed a comparison of two plausible regulatory see 
applied to the reference case described in Table 1. The environmi 
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Fig, 2. 


Cost/^rfoma„ cc Tradeoffs from 
^ Particulate Collection Model 


Location 
Net output 
Type 

Heat rate 

Environmental controls 

Coal characteristics 
(as received) 


Northern Illinois 
500 MWe 

Conventional pulverized- 
coal fired 

9200 Btu/kWh 

None 

10,500 Btu/lb , 16% ash, 
0.6, 1.0, 3.0, or 5.0% 
sulfur 


Table 2. Environmental Controls 


Particulates 

Lowest cost option chosen from hot or cold : 
and baghouses. 

SO 2 

Limestone slurry FGD with combined fly ash 
sludge disposal in a clay-lined pond. 

NO x 

Combustion modifications. 

Cooling 

Wet mechanical draft cooling towers instead 
the reference-case once-through cooling. 

Water Treatment 

System corresponding to the best available 
technology. 


The object of this comparison is to illustrate the costs cor 
to different levels of environmental control. These costs are , 
with certain benefits to society, foremost of which are the 500 MV 
tricity produced by the plant. However, while a cost-benefit ar 
conceptually appealing for arriving at the optimum control level, : 
vented at this time by uncertainties in pollutant-damage estimate 
lack of a consensus on the costs of health effects. Therefore, we 
sent the costs separately in terms of economic penalties applied t< 
of power, residual pollutant emissions, and the consumption of 

Air pollution regulations used for this example are shown ii 
Two different sulfur control levels were used, since this is th 
greatest sensitivity for costs and performance. These alternative 
pond to the full scrubbing requirement recommended by the EPA, wit 
removal determined on the basis of either daily or monthly average 
four different coal sulfur levels were used, as shown in Table 1 


particulates 

S0 2 

Alternative NSPS: 
N0 X 

Particulates 

S0 2 


0.1 lb/10 6 Btu 
1.2 lb/10 6 Btu 


0.6 lb/10 6 Btu 

0.03 lb/10 6 Btu 

85% removal or 92% removal, 

both with a maximum level of l.i 
lb/10 6 Btu and a minimum requirt 
level of 0*2 lb/10 6 Btu 


pliance with the present NSPS with no additional controls, while £ 
fur some flue-gas bypass could still be used to eliminate rehe 
ments. Both of these low sulfur coals require full scrubbing un 
ternative standards. The 3% sulfur level is representative of cc 
many utilities and requires FGD in all cases. At 5% sulfur, the 
"ceiling" comes into play since greater than 85% removal is requii 
a level of 1.2 lb/10 6 Btu. Thus, these four sets of coal proper 
yield a representative spectrum of S0 2 control costs under all of 
considered. 


Based on the foregoing assumptions, the incremental elect r 
(in 1980 $) and pollutant burdens associated with the environment 
are presented in Figs. 3 and 4. Note that they are expressed as < 
or lb/MWh in order to more directly relate costs and benefits, 
format illustrates how, when regulations are based on energy i 
lb/10 6 Btu), the addition of energy-intensive environmental c 
one pollutant can actually increase emissions for others. For ir 
spection of Fig. 3 shows that the addition of scrubbing for S0 2 
of increasing coal sulfur (under present NSPS) serves to increase 
of N0 X and particulates emitted, since the plant heat rate changes 
9500 to nearly 10,000 Btu/kWh. This effect on performance is 
dramatically in Fig. 5, where the energy consumption due to control 
For low sulfur coals, the energy requirements for pollution cont 
are more than doubled under the proposed changes. 


The incremental economic costs shown in Fig. 3 are due prii 
increasing FGD requirements that result in both additional eqc 

?n v^! r8 m Cr ?! 8 ? ln , thC am ° Unt ° f 80lld waste requiring dispo< 
’ T l l£ \ cLe f, r from the fi 8 ures that there is a trac 
electricity cost and pollutant emissions and that the channe in 

feLX 1 *' 10 ? ‘! S ° Ch “ 8eS “* f<,t " ° £ the tu ”? 8 1 

ent NSPS, emissions are fairly uniform across all coal types, £ 


rrccDc.ro i ro 
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Fig. 5. Resource Consumption by 
Environmental Controls 


delivered prices , the economics favor the use of low sulfur coal- 
other hand, a fixed percentage-reduction requirement for SO 2 , couple 
very low "floor, 11 greatly reduces the cost differential while produc 
variations in emissions- This acts to favor the use of local coals 
areas of the country- However, where that implies a shift from low- 
sulfur coal use, air emissions will not be significantly reduced i 
wastes will increase by a factor of 2-4- 

Resource requirements, as shown in Fig- 5, also increase 
requirements are dominated by condenser cooling, so that the increas 
the addition of FGD is less dramatic than one might anticipate, 
this is a very site-specific item, and the choice of a less humid 
would result in increased water losses because of waste-pond eva 
The sludge pond is also responsible for the increases in land requ 
These closely follow the changes in solid-waste burden, since a cons 
depth of about 20 ft was used in the calculations- Note that the c 
land-use impacts due to FGD are somewhat damped by the existing 1 
ash disposal. 




PERCENT SULFUR IN COAL 


Fig. 3. Environmental Control Costs 
and Residual Air Emissions 
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4 CONCLUSIONS 

The preceding example has provided ample indications o 
environmental controls affect other parts of the energy system an< 
(air, land, and water). If precombustion controls had been ana] 
more far-reaching interactions would have been seen. Thus, it is 
that a systems perspective be adopted and faithfully followed in 
the performance of controls, the desirability of regulatory chang 
environmental aspects of research and development programs. 

The many tradeoffs between costs and benefits also argue pi 
for basing emission restrictions on energy output rather than in 
would not only provide a more direct measure of the cost/benefit 
would promote the use of efficient controls and conserve resourc 
viding an additional incentive for efficient plant operation. Fi 
it could greatly enhance the attractiveness of measures to util 
energy, as in cogeneration. Figure 6 illustrates for particulate 
that emissions are presently a function of heat rate (plant effic 
shown by the upper and lower lines. The middle line shows how a 
based on output energy ties emissions to the system benefit and 
effect, penalize less efficient plants by requiring greater r 

Lastly, our assessments and comparisons indicate that the 
clear-cut choices and no panaceas in environmental controls for 
None of the developing technologies has such an economic advantag 
realities of cost escalation and market competition could not poss 
it to negligible proportions. In that case, experience has show 
dustry will opt for what is known best — existing technology 
ticular, utility companies are quite conservative and intrins 
luctant to accept new technologies with uncertainties in commerci 
mance and costs. This is not meant to imply that developmen 
systems should not be undertaken, but only that the performanc. 
potential of each approach must be scrutinized with great care and 
each stage in its development. Changing priorities, policies, a 
tions have the power to shift the cost/benefit balance far more qx 
any but the most unusual technological developments. 
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Fig. 6. The Effects of Alternative Regulatory 
Strategies on Emissions 




Dr. H. Huang 

Argonne National Laboratory, Argonne, 


Illinois 60439 


1. INTRODUCTION 


Emissions from stationary oostustlon sourcas have baen effectively 

to 10% or less of their initial levels for all ma;jor or criteria pc 
except NOx. The conversion of fuel-bound nitrogen to NO ] 
tion process makes the control of NOx emissions from coal-fired bo; 
particularly difficult. However, coal is our largest natural foss. 
source and DOE is responsible for developing methods of utilizing < 
environmentally acceptable manner. Coal is used extensively for p< 
ration by the electrical utility industry but the increased use of 
industrial applications cannot be ignored, particularly in air qua. 
trol regions where NOx air quality standards are barely being met < 
Consistent with their responsibilities, EPA has established resear< 
NOx emissions from coal combustion of 200 ppm by 1980 and 100 ppm . 


is also currently assembling background technical support document, 
yet-to-be proposed industrial boiler NOx emissions regulation. 


For the reasons outlined above, a need existed to conduct a compre 
state-of-the-art review of all potential combustion modification m 
NOx control on coal-fired industrial boilers. Combustion modifica 
the past been the most cost-effective approach to limiting NOx for: 
emissions. With the resurgence of interest in spreader stoker uni 
desirable to document the most recent technical developments plus 
R&D needs associated with that boiler design category. 


2. NOx EMISSIONS FROM COAL-FIRED INDUSTRIAL BOILERi 


NOx is formed during coal combustion from two sources: (1) the th« 
fixation of atmospheric oxygen and nitrogen, and (2) the conversioi 
bound nitrogen. The availability of oxygen, as well as temperatur< 


'S'vTa COnducted for Ar ? onne National Laboratory under Cc 
31^108-38-3726 as part of an on-going program, Environmental Cont 

f erat t n ! Electric Power from Coal ,"bii^ ^d^d j 
the DOE Division of Environmental Control Technology. 


ditions. Burner, grate and furnace configurations are important factors 
NOx formation since they influence mixing patterns, heat release and abs 
tion rates as well as residence times within the furnace. 

Significant variations in firing methods and combustion conditions occui 
in industrial sized coal-fired boilers. The smaller units (up to appro; 
mately 250,000 lb/hr steam flow) are largely stoker-fired units. They 
differ primarily in the mechanical method of coal introduction into the 
furnace, including overfed, underfed and spreader stokers. These units 
characterized by release and combustion of volatile materials above the 
and bed combustion of the resulting char on the grate. In spreader stok 
the coal is hurled into the furnace so that devolatilization and some pa 
combustion occurs prior to landing on the grate. In all stokers, the bi; 
of the combustion air is supplied through the grate. 

Larger boilers generally use suspension firing in pulverized or cyclone 
units. In these units the combustion air is supplied with the coal thrc 
individual burners. Several configurations of pulverized-fired units az 
These include tangential, single wall, horizontally opposed and vertical 
fired boilers. They differ primarily in the location, arrangement and t 
of burners in the furnace. Other than size and the corresponding numbez 
burners, these boilers are similar in design to utility sized units. 


3. DEPENDENCE OF NOx EMISSIONS ON BOILER TYPE 


NOx emissions from industrial boilers are dependent on the boiler desigr 
primarily because variations in the type of combustion influence the cor 
version of fuel nitrogen. A summary of baseline (or as- found) emissions 
levels by boiler firing type is presented in Table 1. 

Table 1. Summary of Baseline NOx Emission Levels 


Firing Type 

Suspension Fired 

Cyclone 
Single Wall 
Horizontally Opposed 
Tangential 
Vertical 

Stoker 


NOx Emissions, ppm 
(3% 0 ?, Dry) 


800 

350-900 

500 

400-500 


Underfed 

Overfed 

Spreader 


250-350 

200-300 

300-600 




to suspension-fired units. The varia in combustion 

pulverized combustion units is due to the differ 

Ld oxygen availability in the primary combustion regions. The NOx^ 
levels from pulverized fired boilers are within the ranges of emi - 
smllf comparably fired utility boilers (Ref. 1). However, the deps 
industrial boiler NOx emissions on boiler size or capaci y ry 

unlike many coal-fired utility boilers. Typical baseline NOx emissi 
boiler capacity for different types of industrial boilers are shown 
1 for comparison purposes. 


Although industrial boiler NOx emission rates are generally lower th 
utility boilers, considering the stoker emission levels, the total a 
emissions from the industrial category are significant and cannot be 
in meeting air quality standards. An appreciation for the industria 
coal use and annual NOx emissions by boiler type can be gained from 
It should be noted that stoker units represent approximately 80% of 
dustrial boiler NOx emissions, in spite of their low emission levels 
of their large population and fuel use. 


Table 2. Estimates of Coal Use and NOx Emissions* 
From Industrial Watertube Boilers for 1972 



Coal Usage 

NOx Emissi 

Pulverized Fired 

10 12 Btu/Yr 

; _% 

3 

10 TPy 


Tangential 

80.0 

4.8 

30 


Horizontally Opposed 

28.8 

1.7 

12 


Single Wall 

52.8 

3.2 

21 


Vertical 

5.3 

0.3 

2 


Cyclone 

35.0 

2.1 

28 


(Subtotal) 

(201.9) 

(12.1) 

(93) 

(1 

Stoker Fired 





Spreader 

641.2 

38.3 

179 

3' 

Underfed 

567.7 

34.0 

144 

2' 

Overfed 

169.6 

10.1 

53 

l! 

Not Classified 

91.2 

5.5 

25 


(Subtotal) 

(1469.7) 

(87.9) 

(401) 

(8: 

Total 

frppf. 9 

1671.6 


494 



4. COMBUSTION MODIFICATIONS TO REDUCE NOx EMISSIONS 


Combustion modifications 
been effective v near! 4-n 


including low excess air and staged combusti 

nnn T . t J . 


006 





Tame j. 


DUilUUdi-J 



- 

Air 


Simulated 



Register 


Injection 

Firinq Type 

LEA 

Adjustment 

BOOS 

Systems Bv 

Suspension Firing 





Cyclone 

Single Wall 

5% 

5 to 10% 

15% 

30 to 45% 


Tangential 

10% 

«Mi 

40% 


Stokers 





Underfed 

10% 

NA 

NA 

- 

Overfed 

10% 

NA 

NA 

0 to 20% 

Spreader 

10 to 15% 

NA 

NA 

0 to 5% 10 


NA - Not applicable 


Low excess air (LEA) involves operating the boiler with a reduced a 
of overall excess air. Minimum excess air levels are determined by 
factory boiler operating conditions with excessive carbon carryover 

Industrial boilers tend to be operated at various levels (0 to 5% c 
above practical smoke limits due to improper air or fuel distribute 
ment limitations, operator /maintenance neglect, etc. The reduction 
presented in Table 3 apply to a one-percent reduction in excess O . 
In many instances, the actual reduction potential of LEA (considerii 
larger available margin in excess C^) was greater than the more comj 
techniques. For spreader stoker units, a reduction in excess air a 
a significant reduction in NOx as shown in Figure 2. In fact, LEA 
the most effective NOx control method on existing stoker units. 

Staging the combustion process into primary and secondary combust ior 
regions can be achieved through burner-out-of-service (BOOS) and ovc 
air (OFA) operation. These techniques are very effective in reducix 
emissions by reducing the availability of oxygen in the primary coml 
zones. The application and reduction potential of these techniques 
highly dependent on the location and flexibility of the unit's coal 
supply to the furnace. ~ 


flow of 2T, on Pulverized coal-fired units by terminating t) 
flow of coal to selected burners (and thereby increasing coal flow t 

nei nl snff^ 6r f WhUe maintaining air flow through all burners. Ir 
ner, sufficient segregation of fuel-rich and air-rich zones are ere 







. Which is severely iimirea on 

the degree of staging (percen ved> Reduction potentials prese 

sized units by the ew n BOOS and reduced loads. 

rss." " r a » • 

systems ar 


OFA operation has been simulated on stoker units using both existinc 
overfire air injection systems (installed for increased turbulence i 
volatile combustion regions directly above the bed) and through the 
systems for auxiliary, wall mounted burners. As given in Table 3, t 
overfire air injection systems has shown to have little effect on re 
NOx emissions and in fact, increased emissions on an overfed stoker, 
auxiliary burners, however, reduced NOx emission levels by 10 to 20% 
data indicate that optimum design of OFA ports for NOx control could 
significant reduction potentials on stoker units. Although data on 
industrial sized suspension fired unit equipped with OFA ports were 
able, the results from utility boiler tests showed reduction potenti 
15% and 30% for single wall and tangentially fired units, respective 


The data presented in this paper were compiled from field test pro- 
grams conducted by KVB under sponsorship of the EPA and DOE (Refs. 3 
For the most part, the reduction potentials presented in Table 2 per 
conditions at one load point for short duration tests under steady o 
conditions. Examination of these combustion modifications under flu- 
or reduced load conditions over extended periods must be made prior 
full implementation as routine operating procedures. 


It should also be emphasized that there are large unit-to-unit varia 
tions in coal-fired industrial boiler NOx emissions, even within the 
boiler design type. This is due to varied boiler geometry with size 
and coal type. Boiler operating practice, maintenance, coal prepara 
and coal combustion characteristics often vary from plant to plant e 1 
within the same region. Frequently a plant in the northeastern U.S. 
obtain coal simultaneously from two or three sources. Therefore, it 
unusual to see baseline NOx emissions very by as much as 400 ppm for 

, Ji tYPe ^ ^ e ! au f e ° f this wide variation in baseline emissions, 1 
be ^ N ° X reduction Potentials discussed previously c 
type ^S ~ existing units regardless of boiler age, desigr 


NO, ppm (3% 0 , DRY) 



Figure 3* BOOS operation on single wall-fired pulverized coa 
units for all burners in service (open symbol) ; no 
air to BOOS (half shaded symbol) ; and normal air 
distribution to the BOOS (completely shaded symbol 
(Numbers in parentheses indicate operating load 
in thousand pounds of steam per hour.) 



The impact on boiler operations of the initial and long-term use od 
tion modifications is, in many respects, as important as the assoca 
NOx reduction potential when considering the use of these technique 
cation of procedures that would seriously affect the safety, relial 
expected life time of these units would be considered unacceptable 
owners and operators. Although the implementation of staging techr 
industrial units has been applied only on a test basis / experiencei 
(1) utility units using BOOS and OFA as normal operating procedures 
industrial units operating with LEA for efficiency reasons can give 
into their possible initial and long term impacts. 

Some of the more important concerns and conclusions drawn from a br 
ment of operational considerations are listed below: 

. The improper application of LEA or staged combustion can 
result in local reducing conditions that lead to water 
wall corrosion. This potential problem is being exten- 
sively studied on utility boilers by EPA but very little 
industrial boiler work has been performed. 

Low NOx emissions require careful attention to boiler 
maintenance and repair, particularly with regard to 
burners, combustion controls, and other fuel/air equip- 
ment. 

. Improved combustion controls and oxygen analyzers may be 
required to maintain optimum low NOx operating conditions 

. Proper implementation of low-NOx boiler operating modes 
need not necessarily lead to increased fuel use or re- 
duced operating efficiency, in most cases, the im- 
proved excess air control offsets the effects of delayed 
combustion resulting in acceptable CO and particulate 
emissions at design efficiency. 


LEA can generally be implemented with a net savings in 
fuel use whereas advanced staging requires hardware and 
auxiliary equipment at 0.1 to 0.3% of the total annual 
cost of operation. 


6. ADVANCED CONCEPTS FOR NOx CONTROL 
FROM COAL-FIRED INDUSTRIAL BOILERS 


Advanced staged combustion low-NOx humor/hni i 

developed (Refs. 7,8) fox utility boSers ^avi^he 0 '^?" 5 CUrrently 
pulverized coal industrial boilers nS m ° St proraise for 
sponsorship, NOx emission levels u^er 100 ^""acco^Msi! 


Advanced NOx control concepts for stokers revolve around the use of 
overfire air coupled with good undergrate air management to reduce the c 
bed excess air and to lower NOx emissions. Extensive research into cont 
NOx emissions from stokers have not been funded but a yet-to-be-awarded 
EPA program to examine stoker emissions control design options is expect 
to emphasize NOx control. 
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SUMMARY 


The "Low NO x Heavy Fuel Combustor Concept Program" is a part of t 
DOE/LeRC "Advanced Cogeneration Technology Project" (ACT) . The 
program is a contract effort with total funding provided by the 
Department of Energy, and technical program management provided h 
NASA LeRC. Main program objectives are to generate and demonstra 
the technology required to develop durable gas turbine combustors 
for utility and industrial applications, which are capable of 
sustained, environmentally acceptable operation with minimally 
processed petroleum residual fuels. The program will focus on 
"dry" reductions of oxides of nitrogen (N0 X ) , improved combustor 
durability and satisfactory combustion of minimally petroleum 
residual fuels. Other technology advancements sought include: 
fuel flexibility for operation with petroleum distillates, blends 
of petroleum distillates and residual fuels, and synfuels (fuel 
oils derived from coal or shale) ? acceptable exhaust emissions 
of carbon monoxide, unburned hydrocarbons, sulfur oxides and 
smoke; and retrofit capability to existing engines. Development 
of these capabilities will be accomplished with a minimum and 
acceptable sacrifice in other combustor performance requirements. 
Program goals are intended to be optimistic projections of 
attainable emission reduction and fuel flexibility. The intent 
is to generate advanced combustor design technology rather than 
to verify already available technology. Further, it is intended 
that the generated technology be retrofittable into existing 
engines in the near-term. The technology generated will be 
primarily applicable to near-term industrial and utility engines 
with pressure ratios of 10:1 or higher, which are suitable for 
cogeneration applications. The technology will also be applicabl 
to future engines . 


INTRODUCTION 


This paper describes the Low N0 X Heavy Fuel Combustor Concept Prc 
gram including its objectives, program plan, schedule, the basis 
for its emphasis on heavy oil and synfuels , pollution and perfor- 
mance goals, program approaches to pollution reduction, and stati 
to date. 

Limited near and mid-term fuel supplies , as well as competition 
from other users of natural gas, light and mid-distillates could 
make it attractive for utility and industrial gas turbine manufac 
turers and users to fire residual oils in their gas turbine 
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represents a still more airricuir cnaxxexiye 
Increase in impurity content , lower hydrogen-carbon ratio and 
levels of fuel bound nitrogen. Also, under limited circumstan 
stationary gas turbines may be required to produce ultra- low 
emissions using presently available clean fuels due to stringe 
local environmental regulations. 

Exhaust emissions from future gas turbines must also meet Fede 
emission standards. Oxides of nitrogen emission standards are 
difficult to meet with current light distillate fuel oils, and 
will become more difficult with residual oils and synfuels. 
Water or steam injection has been successful in some installat 
to reduce thermal N0 X formation. However, this approach is cl< 
not a universally acceptable method since it involves consider; 
additional installation and operational costs, and does not re< 
N0 X from fuel bound nitrogen. Smoke will also increase with h< 
fuel firing as a result of lower fuel hydrogen content. 

It appears that substantial reduction of pollutants can be att£ 
The concepts for pollution reduction now exist. However, althc 
the mechanisms of pollution production as well as techniques fc 
reducing pollutants are generally known, application of these 
techniques to specific combustor-engine designs has not yet 
demonstrated the anticipated pollutant reductions without com- 
promising other combustor parameters. Thus additional technolc 
is needed to apply these concepts. The Low N0 X Heavy Fuel Com! 
Concept Program was initiated to provide a timely evolution of 
combustors . 

The program aim is to develop this required pollution reduction 
technology, apply the technology to combustors for industrial a 
utility applications, solve interface and performance problems 
which low pollutant combustor designs create for engine install 
tion, and demonstrate the pollution reductions in steady state 
and transient testing of development engines. 


PROGRAM DESCRIPTION 




The Low NOx Heavy Fuel Combustor Concept Program is a multi-ve 
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xu permit sunsrirurion or Heavy oils for light distill; 
fuels and natural gas in the near term. 

4. To permit transition to synthetic liquid fuels when 
they become available. 

5. To investigate and develop the technology required to 
achieve ultra-low emissions (one-half the EPA N0 X standard) with 
current clean distillate fuels. 

6. To demonstrate the derived technology in full-scale 

engines . 

The program is primarily applicable to near-term industrial and 
utility engines suitable for cogeneration applications. Additional 
applicability is desired for future , higher pressure ratio engines 

Program Plan 

It is anticipated that the program will be conducted in three 
phases. An overall program diagram is contained in Figure 1. 
Program phases are discussed below: 

Phase I - Combustion Technology Generation 

This phase , which is currently in the process of being implemented 
consists of combustion studies, fuel studies, development of 
combustion designs, tests, and retests of multiple combustion 
concepts to determine the best concepts for achieving program 
objectives. The specific objective of Phase I is to generate the 
emission reduction and fuels technology required for future 
program phases. This phase, with the exception of the brief 
descriptions of Phases II and III presented directly below, is 
the subject matter of this paper. As with all program phases, 
Phase I will be a contract effort. Multiple contractors are 
anticipated. 

Phase II - Combustor Screening and Optimization 

This phase will consist of incorporating the Phase I combustion 
results into engine-combustor hardware, component testing of 
promising combustor concepts, iterative redesign and retest of 
multiple combustor design approaches to determine the best 
combustor approaches for achieving program goals, and development 
of combustor liner designs suitable for heavy fuel utilization. 

The most promising combustor designs will then be tested further 
to develop the required overall performance, durability and engine 
adaptability required for engine utilization. Eligible contractor; 
for this phase will not be restricted to those contractors 
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Phase III - Engine Verification 


This phase will consist of evaluating the best combustor (s) of 
Phase II as part of a complete engine. The intent is to demonst. 
in short duration engine testing the emission reductions achieve' 
fuel flexibility and performance at steady-state and transient 
conditions. Contractors for this phase will be restricted to 
those contractors successfully completing the Phase II effort. 
One or more contractors are visualized. 

Since the program emphasizes utilization of minimally processed 
heavy petroleum fuels, and since burning of petroleum distillate 
distillate residual blends and synfuels will be assessed but no 
optimized, the possibility exists for additional program efforts 
regarding these latter fuels, which are not a part of the curren- 
program. Also, if feasible, additional program efforts involvin' 
installation of the derived combustors in field engines for 
extended evaluation may be undertaken. These potential efforts 
are contained in dashed lines in Figure 1. 

Program Schedule 

The planned program schedule is shown in Figure 2. Phase I 
efforts were initiated in September 1978 with issuance of 
NASA RFP No. 3-870802. Contract signings are anticipated to 
occur prior to January 1979, with completion of this phase 
scheduled to occur within 16 months of contract signing. An 
approximate 6 month delay is anticipated between the completion 
of Phase I and the initiation of Phase II, due to procurement 
procedures. Phase II will be approximately 30 months in duratio: 
It is anticipated that Phase III will be initiated immediately 
upon completion of Phase II. Phase III will be approximately 
16 months in duration. 

Fuels Considerations 

Fuels availability 


Limited near and mid-term petroleum fuel supplies, as well as 
competition from other users of scarce fuels, could make it 
attractive for utility and industrial gas turbine manufacturers 
and users to fire residual oils in their gas turbine equipment. 
Also, the national goal of reducing dependence on foreign energy 
supplies in tie far-term will make it necessary to use synfuels 
made from abundant national supplies (Figure 3) of coal and oil 
shale. Figure 3 also shows the hydrogen to carbon atomic ratio 
of the various fuel sources. This ratio will be shown in later 
sections of the paper, to’ be a major consideration in gas turbin 
combustor designs. Figure 4 shows the similarity of a heavy 
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Figure 3 
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, C ao, W xxxuy^i^yniueis. to ne economically competitive, 
synthetic liquids must be minimally processed, i.e., hydrogenation 
of coal-derived crudes must be kept to an absolute minimum. 

Phase I Test Fuels 


Three test fuels have been specified for Phase I. These fuels are 
described in Table I. Fuel A is a petroleum distillate simulating 
Diesel #2 properties. The objective of testing with this fuel 
will be to achieve ultra-low N0 X which is defined as one half 
the applicable EPA standard. Ultra-low NOx combustors are 
required in areas where local regulation, more stringent than 
the EPA standard are in effect. 

Fuel B is a petroleum residual fuel and is the major basis for 
combustion design in this program. Correspondingly, test 
efforts will emphasize utilization of this fuel. Fuel C is 
also a petroleum residual , with degraded properties as indicated 
by the reduced hydrogen- carbon ratio. The intent of testing 
with this fuel is to simulate operation with synfuels derived 
from coal or shale. It is anticipated that if available in 
sufficient quantity, synfuels will be substituted for fuel C 
during the program. 

In addition to testing with the fuels defined above, additional 
fuel tests will also be conducted in Phase I. Test fuels B and C 
will be doped with pyridine to investigate combustion approaches 
for reducing fuel bound nitrogen conversion. Levels up to 
0.5% by weight of fuel bound nitrogen will be investigated with 
fuel B . Levels up to 1.2% by weight of fuel bound nitrogen will 
be investigated with fuel C. 

In addition, blends of fuel A with fuel B, and blends of fuel 
A with fuel C will also be investigated. The objectives of 
these tests are: to determine the tradeoffs concerning fuel 
quality and its effects on combustor emissions and performance. 

Several of the difficulties anticipated to be encountered in 
burning minimally processed heavy fuels are listed in Table II. 
Increased alkali metal content of heavy fuels are anticipated 
to create corrosion and deposition problems on combustor liners 
and turbine blades. Increases in boiling range increase 
tendencies of gum formation and carbon deposition on fuel 
nozzles and combustor liners. Reduced hydrogen content causes 
increased radiation during combustion, thus producing increased 
heat loading to combustor liners and adversely affecting combustor 


COMPOSITION: 

HYDROGEN, WT. ft 

SULFUR TOTAL, WT. ft 
^NITROGEN TOTAL, WT . ft 

HYDROCARBON COMPOS IT IONAL ANAL. 

ASH, WT. ft 

ASH MELT TEMPERATURE, °F 

AROMATICS TYPE: 

AROMATICS TOTAL, VOL. % 

SATURATES 

OLEFINS 

NAPHTHALENES 

CARBON RESIDUE: 

ON 10?6 WT • , % 

ON 100ft WT. , % 

WATER & SEDIMENT, VOL. ft 

NMR 

ASTM D129 
Kjeldahl 

GCMS 

ASTM D482 

TBD 

ASTM D1319 
TBD 

TBD 

TBD 

ASTM D524 

it 

TBD 

12.8l;0.2 

0.8 max. 

0.1 max. 
REPORT 

20 ppm max. 
REPORT 

REPORT 

report 

REPORT 

REPORT 

REPORT 

REPORT 

REPORT 

10.8+0.3 

0.8 max. 

0.2 max. 
REPORT 

0.04 max. 
REPORT 

REPORT 

REPORT 

REPORT 

REPORT 

REPORT 

REPORT 

REPORT 

VOLATILITY: 

DISTILLATION TEMPEieATURE, VOLUME 

RECOVERED, °F max. • 

INITIAL BOILING POINT 

ASTM D86 

REPORT 

REPORT 

10ft 

it 

425+25 

600+50 

50ft 

M 

REPORT 

REPORT 

FINAL BOILING POINT 

II 

650^50 

1000^100 

RESIDUE 

II 

REPORT 

REPORT 

FLASH POINT, °F 

ASTM D93 

REPORT 

REPORT 

GRAVITY, °API 

ASTM D287 

REPORT 

REPORT 

FLUIDITY: 

POUR POINT, OF 

ASTM D97 

20 max. 

50 max. 

VISCOSITY AT 100 °F: 

KINEMATIC, cS 

ASTM D445 

REPORT 

REPORT 

SAYBOLT UNIVERSAL, SEC. 

ASTM D88 

REPORT 

REPORT 

COMBUSTION: 

NET HEAT OF COMBUSTION, BTU/LB 

ASTM D2382 

REPORT 

REPORT 

THERMAL STABILITY: 

JFTOT , BREAKPOINT TEMPERATURE, op 
(TDR, 13; AP, 25 mm) 

ASTM D3241 

REPORT 

REPORT 

TRACE METAL ANALYSIS: pprn 

V 

TBD 

REPORT 

REPORT 

Ni 

n 

REPORT 

REPORT 

Na 

ii 

REPORT 

RETORT 

K 

it 

REPORT 

REPORT 

Mg 

it 

REPORT 

REPORT 

Ca 

n 

REPORT 

RETORT 

Pb 

it 

REPORT 

RETORT 

Cu 

it 

REPORT 

RETORT 

Fe 

n 

REPORT 

REPORT 

Si 

n 

REPORT 

REPORT 

Zn 

it 

REPORT 

REPORT 

Ba 

Mn 

Mo 

Ti 

it 

REPORT 

REPORT 

ii 

REPORT 

REPORT 

if 

REPORT 

REPORT 

ii 

REPORT 

REPORT 

* Additional Nitrogen concentrations 

<-» r* t. _• m<ii 

to be investigated are defined in Task." 
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Emission Goals 


Program emission goals are based on EPA Proposed Regulation , 

F.R. 40 CFR Part 60 and are subject to all of the constraints 
and corrections contained in this citation. 

The emission goals are contained in Table III. Engine operating 
conditions for which the goals apply are discussed in a subsequei 
section. These operating conditions incorporate all engine 
power levels for load following engine-combustors. 


The sulfur dioxide goal represents a limitation on fuel sulfur , 
since all of the fuel sulfur is transmitted through the 
combustor. It is included here for consistency with the 
referenced citation. Subsequent program phases will address the 
question of fuel sulfur level regarding its removal either 
upstream or downstream of the combustor. Smoke is not currently 
regulated by the EPA. Rather , it is subject to local regulation. 
An S.A.E. number of 20 is consistent with advanced state-of-the-a 
combustor design practices. 


Achievement of the Oxides of nitrogen (NO x ) standard represents 
the most difficult program goal for achievement. Water or steam 
injection to reduce oxides of nitrogen by reducing flame 
temperatures will not be relied upon as a control device in 
this program. "Dry" reductions of oxide of nitrogen through 
combustor design will be sought. At present, the technology 
required to control of N0 X through combustor design is not 
available, even with clean distillate fuels. The current NO 
emissions will have to be reduced by a factor of 2 to 3 to meet 
goals shown in Table III. There are also indications that 
achievement of the NOx standard value will be more difficult to 
achieve with heavy fuels. This is shown in Figure 5. 


Fuel bound nitrogen levels in the fuel also make achievement of 
the N0 Xj standard more difficult. Current EPA regulations permit 
correction for fuel bound nitrogen up to 0.25%. Fuel bound 
nitrogen levels in excess of 0.25% must be compensated for by 
reducing the conversion of fuel nitrogen into NO x . Typical fuel 

SSi n arnSr nVe ? i0n a industri 

engine are shown in Figure 6. 


futire^roorS^ha^^ a f itional emissi °n goals will be added to 
P F ° r exam P le ' a particulate goal is 

anticipated for program Phases II and III, 


Table III 
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Figure 5 

Thermal NO x Considerations 



Distillate 



Figure 6 



Fuel Bound Nitrogen, % bv Weight 




The combustion efficiency goal effectively imposes maximum 
allowable levels of unburned hydrocarbon (HC) and carbon monox 
(CO) , since levels of these emissions are direclty relatable t 
combustion inefficiency. Conversely/ program measurements of 
combustion efficiency are specified to be recorded through 
emission level determinations. Current combustors operate ver 
efficiently at high engine power points (50% of engine rated 
power level and above). However at lower §ngine power levels, 
especially at spinning idle conditions/ combustion inefficienc 
occur with most current engines. 

Test Conditions 


Combustor test conditions over which the emission and performa: 
goals apply are contained in Table V. Implicit in the selocti< 
of these test conditions is a requirement for load following 
capability. Load following capabilities are deemed to be 
necessary for this program because cogeneration applications 
for the derived technology are visualized. Most industrial an< 
utility gas turbine engine combustors operate efficiently at 
a nominal base load condition and somewhat less efficiently 
at off-design or lower power conditions. The requirement that 
engine combustors operate efficiently over a load range is a 
significant requirement. To achieve this type of operation/ 
combustor performance must be optimized for a variety of 
combustor inlet conditions, including those of low temperature, 
pressure and fuel/air ratio. 


Combustor Considerations and Design 


Advanced combustor designs will be emphasized in the Phase I 
program. A non-inclusive list of pollution reduction technique 
which will be investigated in the program are contained in 
Table VI. Included in the table is the pollutant of concern 
and the corresponding pollution reduction concept. 


C°n tr °l of ttemai N0 X involves reduction of flame temperature; 

e ow F an short residence times of combustion gases at 
high temperatures. Simultaneous control of thermal NO v and sm< 

avoidance S IT*™* distribution of fuel and air, anc 

excessively high fuel rich zones. Control of the 

fuTricr °\ f : el bOUnd nitr ° gen int ° N °x- involves burning un< 
conditions or, correspondingly, oxygen lean conditio; 

tVM-; 6 of n ™': T ;„!u V ' lQpea , in phase 1 sh< ™“ be applicable to ai: 
types of gas turbine combustors. to illustration of these 
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Organic NO x Conversion Rich Burning with Controlled Quench 
Reduction 



Multi-zone combustors represent advanced 

currently being evolved for both ground based and aircraft 
gas turbine combustors. Multi-zone designs, while considerab 
more complex than current designs, provide additional degrees 
flexibility in staging fuel and combustion to optimize perfor 
for a variety of test fuels, emission and performance constra 

CONCLUDING REMARKS 

It is anticipated that Phase I of this program will provide t 
technology base for future program phases. Specifically it i 
anticipated that Phase I will provide the following: 

1. Definition of i;he most promising combustor design 
approaches for utilizing heavy fuels derived from petroleum a: 
other sources. 

2. Definition of tradeoffs involving fuel quality and 
combustion and emission performance. 

3. Identification of realistic fuels for future progr; 

phases . 

4. Identification of engine applications for the dori.i 
technology. This will include preparation of conceptual engii 
combustor designs. 

5. Identification of development efforts required to 
utilize minimally processed heavy fuels in sub-component 
combustor areas such as fuel systems, liners, etc. 






Midwest Research Institute 
425 Volker Boulevard 
Kansas City, Missouri 64110 


ABSTRACT 


Midwest Research Institute conducted a project under conti 
with Argonne National Laboratory to assess the economic and energy ] 
pacts of particulate control systems in coal-fired power plants. Tt 
assessment was based on major functional variables such as plant sis 
(100 to 1,000 MWe), location, coal type, and emission standards. Tt 
work resulted in the generation of algorithms to predict equipment 
cost, installation costs, and energy usage for various particulate c 
trol devices. The devices considered were: electrostatic precipit* 
tors (hot-side and cold-side); fabric filters (reverse air and shake 
types); and wet scrubbers. 

A boiler performance model was developed using variables e 
as plant size, coal characteristics, etc. The output from this mode 
(i.e., flue gas flow rate, grain loading, etc.) was utilized in cont 
device performance models to generate required design and operating 
parameters for the control systems under study. The design and opei 
ing parameters were then used in the cost models that were also dev( 
oped in this program. 

The cost models aggregate three cost items: (a) the firsl 
costs (capital investment); (b) total first-year annualized costs; £ 
(c) the integrated cost of ownership and operation of the control 
equipment over an assumed plant lifetime of 30 years. The models tu 
been programmed for speedy computation. However, the algorithms are 
easily solvable with a hand calculator. In addition, suitable guide 
line values have been provided for independent variables wherever ne 
essary. Case studies are presented to demonstrate results of the 
models . 


0.03 lb/10- Btu;. “ for being able 

available for particulate control, there is a neeu * 

estiniatethe aconcic and hoergy iwp.ct. of aach control option f 

aiven sat o£ plant spacifications. Realizing this need, Argonna 1 

tional Laboratory contracted with Midoast Research Institute (MRI. 

develop the necessary algorithms to predict equipment cost insta. 

tion costs, and energy usage for five particulate centre devices 

electrostatic precipitators (ESPs) including hot-side and cold-si, 

fabric filters, both reverse air and shaker type, and wee scrubbe, 


The methodology used for the model development is prese: 
in Figure 1. A set of algorithms was developed to quantify the a: 
of a boiler that relate to the design of fly ash control equipmen 
This boiler performance model utilizes input values such as plant 
coal characteristics, and boiler type for the computation of para 
critical to control devices (e.g., flue gas flow rate, uncontroLl 
particulate emissions, etc.). Thereafter, algorithms were develoi 
that use the information generated by the boiler performance mode 
plus the emission limit specified, to compute various control dev 
design parameters (e.g., collecting area for an ESP). A subseque 
of algorithms use these device parameters to compute equipment am 
erating costs and energy usage. The breakdown of cost items cons 
is presented in Figure 2. The cost and performance algorithms di 
cussed in this paper are composites of relationships published in 
literature and additional information obtained as part of this pn 


The following sections of this paper describe the salie 
features of the boiler performance model as well as the control d 
performance and cost models, including the various cost and energ 
sumption factors that were considered. The final section present 
summary of the results obtained from these models when applied to 
hypothetical 500-MWe plant at three different geographic location 
burning three different coals. 



























suggcstcu uciaui l- vamca given. inis proceaure is also touowea 

for many of the other algorithms developed in this project. 


Table 1. Steam Generator Performance Model Inputs 


Description 

Unit 

Default 

Va lue 

Generation rate 

MWe 

- 

Boiler type 

Pulverized coal dry bottom or wet bottom, 
or cyclone 

“ 


Plant location, state 


- 

Heating value of coal 

Btu/lb 


Plant thermal efficiency, decimal fraction 

- 

0.388 

Flue gas temperature 

°F 


At preheater inlet 


700 

At preheater outlet 


350 

Boiler emission factor 

lb fly ash/lb 
of ash in coal 


For pulverized coal dry bottom boiler 


0.85 

For pulverized coal wet bottom boiler 


0.65 

For cyclone boiler 


0.10 

Excess combustion air, decimal fraction 

- 


For pulverized coal boilers 


0.20 

For cyclone boilers 


0.15 

Coal analysis, decimal fraction for N, C, 

H, S, and ^0 

- 

“ 




. Coal firing rate, tons /hr, 

. Flue gas flow rate, acfm, 

. Heat input rate, 10 6 Btu/hr, 

. Mean diameter and standard deviation of fly ash psrti 
size distribution, and 

♦ SO 2 flow rate in flue gas, lb/min. 

The above parameters then constitute the inputs to the v 
control device design models. 

Before describing the control device design and cost mod 
an individual basis, several aspects that the models have in commo 
identified. 


First, the algorithms generate costs in 1978 do Liars, bu 
provisions have been made for the user to modify the costs to any 1 
dollars beyond 1978 by using projected cost indices. 

Second, a table is provided in the original repo r t— ^ tha 
allows for state-to-state variations in costs, including wage rate.* 
power costs, construction costs, and land acquisition costs. In tl 
cost models, which may be adjusted for different locations, an avei 
wage of $7. 41/hr was used for utility workers and an average land c 
of $10 , OOO/acre. 


Third, the cost of the control devices was amortized 
accelerated basis over a 5-year period, per the Tax Reform Act 
Interest was assumed to be 8%, based on the prime rate, but the 
may specify other values. Also, an investment tax credit of 10 
applied for the first year of operation. 


on i 
of ] 

US € 

Z Wc 


Fourth, one of the cost criteria used in the overall ec 

r °r s *• 

lars Thic „ . ' * 8 ’’ 30 years) in terms of first-year 

.Udt i I 3 7 UlreS 1 “—le Projection £l g „ 

8 discount rates for present value analysis and Increases 


X c^/w a. 


The performance and cost models developed for each control 
device contain several algorithms. The following sections discuss th< 
more important ones and their development. 


A. Cold-Side ESP 


1- Performance model : The familiar Deutsch equation was 
used for "sizing" a cold ESP. This equation requires knowing the par 
tide migration velocity, so a modified form of algorithm developed b 
Southern Research Institute (SRI).?/ was used which computes the migra 
tion velocity parameter as a function of: 

. Type of boiler, 

. Current density, 

. Power density, 

. Voltage, 

. Number of electrical sets, 

Moisture content of flue gas, 

Sulfur and ash in coal, 

. Flue gas temperature, and 

Uncontrolled fly ash loading. 

Since all of the above variables may not be known by the us 
suggested default values are given, some of which are selected on the 
basis of the sulfur content of the fuel. 

The Deutsch equation uses the migration velocity along with 
the gas flow rate and the required collection efficiency to compute t 
collecting area. The collecting area then becomes a major input parai 
ter for the ESP cost model. 

2. Cost model : Equipment and installation costs for the 
cold ESP are computed using algorithms developed from a model by 
Bubenick^/ and data reported by the Industrial Gas Cleaning Institute 
(IGCI) / The following equations result for equipment and installa- 
tion cos ts : 


EC C = 45.94 A cp 0,88 
IC C = 23.58 • ACF • A cp 


0.896 


2 

A C p = collecting plate area, ft 
ACF = area construction factor 

The cost model also contains several other cost algorithms foi 
puting: 

. Ash handling equipment cost. 

Ash handling installation cost, 

, Land cost, 

. Electrical capacity charge, 

. Power cost, 

. Operating labor cost, 

. Maintenance material cost, and 
. Maintenance labor cost. 

The electrical capacity charge in the above list rep 
the cost of additional power plant capacity that is required t 
the electrical requirements of the control device. The value 
used is $900/kw. 


In addition to the financial charges discussed earli 
ciation and investment tax credit), the cost models also inclu 
taxes, insurance, and contingency. 


B. Hot-Side ESP 


}’ P erformance model : The hot-side ESP model also 
r "’’““T 1 £ ° r «■« collecting p la te areo. 

Z ‘ ESP " 6re " 0t to develop »„ al 

select one o? 2 ^ "“ 8t a "Ration velo 

of the suggested default values, which are as folio 

°'f B P “ 1VeriZed b ° Uer bUrn1 ” 8 

^U^ulfur” PUlVCrize ‘ 1 ct>al boil er burning coal - 


0.18 ft/sec for cyclone boiler 


j % jyu 




AVJ H 


HP 


where : 

EC h = hot ESP equipment cost, 1978 dollars 

IC^ = hot ESP installation cost, 1978 dollars 

2 

App = collecting plate area, ft 

ACF = area construction factor 

Algorithms were also developed for other cost items listed 
above. These algorithms are similar in form to those for the cold ES 
however, one additional factor included for the hot ESP is heat loss 
from the ESP due to higher operating temperature. It was assumed ths 
this heat loss results in additional fuel consumption to maintain the 
power output. Since data collected in this project indicated that tt 
average drop in the flue gas temperature across a hot ESP is about 7 C 
this was the value used in an algorithm to compute the annual cost fc 
the additional fuel. The cost of the fuel is based on a default valt 
of $1.75/10® Btu . The annual cost of this heat loss is a significant 
portion of the total annual operating cost for a hot ESP. 


C. Fabric Filters 


1. Performance model : Performance and cost models were 
developed for both reverse flow and shaker type baghouses, the costs 
based primarily on cloth area required. This parameter is calculatec 
the performance models using an air-to-cloth ratio specified by the 
user, or a default value of 2.0 acfm/ft 2 for reverse flow type and 2, 
acfm/ft 2 for shaker type. These are net values, allowing for one con 
partment being off-line for cleaning and one off-line for maintenance 

The pressure drop through baghouses is considerably higher 
than in ESPs, and it significantly affects operating costs. Therefoi 
algorithms were developed to compute the pressure drop using informal 
from baghouse manufacturers and the recent TVA/Shawnee project.— 


where : 


ECj B • equipment cost, reverse flow bughouse, 19: 

EC = equipment cost, shaker bughouse, 1978 loi: 
SB 

o 

GCA 38 gross cloth area, ft 


Gross cloth area is also the major parax 
installation costs for the baghouses. Many of 'ho 
operating costs are similar to the ESP model. ^ hut 
item considered for the baghouses was bag n-pxio-x 
on replacement costs were used to develop tn<* ; 
this cost item: 


#t rcr »:si*' 


other *• 
;m ad<ii 


ent: . Av 
iwIih: ce 


RBC R b 3 0.78 
RBC S0 * O.os 


where: 


RBCrb 3 cost of replacement ha^; s reverse : 1 >v "• 
1978 dollars 

RBCgs = cos t of replacement bags , shaker haghous 
dollars 

o 

GCA a gross cloth area, ft" 

It was assumed in the default condition that, all 

be replaced every 3 years, although the user may specify c 
Additionally, equations were developed for bag replacement 

The algorithms developed for the financial chan 
to those for ESP. 


1 * Performance model : The model developed (for venturi 
scrubbers) considers fly ash removal only and excludes those scrubber 
systems in which particulate and S0 X control are achieved simultane- 
ously. (However, it does consider the neutralization requirements du 
to the absorption of certain amounts of S0 X .) Development of the 
scrubber performance model was based on work by Calvert^-Zj^./ and in- 
volves a trial and error procedure to determine the pressure drop and 
liquid-to-gas ratio required. Several simplifying assumptions were 
made in developing the design equations. Some of these assumptions 
relate to the specific application area of the model, viz., fly ash 
control in coal-fired boilers. 

2. Cost model : Total equipment cost for the venturi scrub 
was derived from costs reported in the literature. Regression analys 
indicated that these data can best be expressed by: 

EC S = 1.59 Qg 1 - 062 


where : 


ECg « equipment cost, scrubber, 1978 dollars 
Qg = saturated flue gas flow rate, acfm 
Several other cost algorithms were developed to determine: 
Installation cost, 

. Land cost (for the scrubber and for a settling pond), 

. Power usage, 

. Electrical capacity charge, 

Operating labor cost, 

. Material cost (lime and water), 

. Maintenance material, 

Maintenance labor, and 
. Flue gas reheat cost. 

Like the hot ESP heat loss, the flue gas reheat is an addi- 
tional cost associated with wet scrubbers. An algorithm was develope 
to calculate the cost for equivalent fuel. The algorithm assumes an 
energy cost of $1.75/10^ Btu and a reheat requirement of 50°F, unless 
the user specifies otherwise. 


This model also includes all the financial charges discusse 



stem, in table 2. these input parameters „ere used 
case studies to derive design and/or siae specifications tor 
21 control devices bssed on the models descrioed in the earl 

(Table 3). 


Table 4 presents the cost comparisons for the contr 
resulting from the calculations for the three case studies. ' 
shows that the relationship of cost factors for the different 
devices is the same; i.e., for any single case, the cost; rank- 
same regardless of which cost factor is used. It is found tin- 
ESP is the least expensive control method for the cases of :ne< 
high sulfur coal. In the case of low sulfur coal, however, t;l 
is shown to be more expensive than a hot ESP or either of the 
filters. Comparing the hot ESP and baghouse, the former i •; ;m 
effective for low sulfur coal. In medium and high sulfur eon; 
the hot ESP is more expensive than the cold ESP hut less "xpei 
either of the baghouses. The cost of the havhou.se re::;al:v; fn! 
pendent of coal characteristics. Clearly, t he hi'.th •; erat in,; 
equipment cost of scrubbers make them uneconomic;! ' : f *'hev art 

onlv for particulate control. 


A comparison of energy consumption the* >rs : r 
trol devices is presented in Table 5. in r.erm.s • • * .t : 

tion, the results show that a cold ESP rank:; as the .nowi 

device, followed by a baghouse and then a hut Par' h-h at 

are shown to be the highest energy consumers. fr the hi* a : 

it is evident that the high energy consume t La; f rubbers as 

is, in part, due to stack gas reheat and heat 1 sser, .-es; <•<•* 
example, in the case of a scrubber with Penns v: van -a; , ' . 

energy are required for stack gas reheat in comrnri ..>:t ' . 
energy for the operation of the scrubber. 


Table 2- Fundamental System Characteristics of Sample Gases 
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The power consumed internally for the operation of the control equipment is not considered 





T.aw Sulfur Montana Ro*»bud Goal (Case AZ 


Migration velocity, 

0.110 

0.25 

* 


ft/ sec 

Collecting plate area,. 

1,330,281 

340,966 

- 

■* 

ft 2 

Specific collector area, 

811 

513 

- 

- 

ft 2 /l,000 acfm. 



956,595 

683,282 

Gross cloth area, ft 2 

* 

i n 

4.72 

3.73 

Pressure drop, in# X 

1.0 

1 . u 



Liquid-to-gas vol. 

- 





flow race ratio, 
gal/1,000 ft 3 


Medium Sulfur Illinois Mo. 6 Coal (Case 2) 


Migration velocity, 
ft/ sec 

0.41S 

0.30 


Collecting plate area, 
ft 2 

307,336 

613,733 


Specific collector area, 
tt^/1,000 acfm 

203 

282 


Gross cloth area, ft 2 

- 

885,112 

632 , 223 

Pressure drop, in# X 

1.0 

1.0 4.72 

3.73 

Liquid-to-gas vol# 
flow rate ratio, 
gal/ 1,000 ft 3 

Hith Sulfur Pennsylvania Coal (Case 3 ) 


Migration velocity, 
ft/sec 

0.386 d 

0.30 

- 

Collecting plate area, 
ft 2 

423,971 

789,979 


Specific collector area, 
ft 2 / 1,000 acfm 

275 

354 

** 

Gross doth area, ft" 

- 

909,328 

649,250 

Pressure drop, in# X 

1.0 

1.0 4.72 

3.73 


Liquid- co-gas vol# 
flow race ratio, 
gal/ 1,000 ft 2 


Required particulate collection efficiency per the proposed NSFS of 0.03 lb. 10° 3cu; 99 3 ” 
“Required particulate collection efficiency per the proposed NSPS of 0.03 lb/ L0^ 3cu: j 9.41; 
c Required particulate collection efficiency per the proposed MSPS of 0.03 lb/ 10^ Ecu: 99.8% 
^Migration velocity is lower than for medium sulfur case due to the high ash content of coal 




• Table 4. Particulate Control Cost Analysis 



Total Installed 

Total Installed 
Cost a and Inst. 
Elec. Capacity 

Aggregate 

Cost of 
Ownership 
and Operation 

Total Annualized 

Cost of Operation* 5 

Annual 
Operz 
and Mail 


Cast 3, 

Charge 

Over 30 Years 

1978 

1978 

Control Device 

(1978 dollars) 

(1978 dollars) 

(1978 dollars) 

dollars Mills/kWh c 

dollars 


Low Sulfur Montana Rosebud Coal (Case l) 


Cold-side ESP 

18,633,567 

19 ,209,238 

72,947,000 

6,604,946 

1.7735 

220,642 

Hot-side ESP 

11,214,934 

12,623,368 

60,038,000 

4,416,378 

1.1872 

423 , 124 

Reverse flow 

15,605,788 

17,969,442 

141,987,000 

7,921,770 

2.1295 

1,397,052 

baghouse 

Collapse + 
shake bag- 

14,645,403 

16,718,784 

126,029,000 

7,033,630 

1.3908 

983,507 

house 

Scrubber 

19,504,958 

27,334,137 224,263,000 

Medium SuLfur Illinois Mo. 6 

10,251,220 

Coal (Case 2) 

2.7557 

2,848,311 

Cold-side ESP 

5,289,612 

5,382,321 

27,041,000 

2,061,167 

0.5541 

202,048 

Hot-side ESP 

3,725,309 

9,810,970 

53,519,000 

3.607,477 

0.9698 

536,133 

Reverse flow 

15,085,623 

17,131,695 

134,721,000 

7,620,659 

2.0486 

1,544,013 

baghouse 

Collapse + 

14,184,497 

15,961,988 

113,408,000 

6,749,633 

1.8144 

1,101,698 

shake bag- 
house 

Scrubber 

19,653,669 

25,246,368 

High 

245,204,000 

Sulfur Pennsylvania 

10,703,545 

Coal (Case 3) 

2.3773. 

3,715,188 

Cold-side ESP 

7,263,919 

8,108, 135 

35,649,000 

2,798,796 

0.7524 

261,617 

Hot-side ESP 

11,252,677 

12,695,721 

65,372,000 

4,587,359 

1.2333 

644,957 

Reverse flow 

15,308,259 

19,473,203 

139,772,000 

3,065,957 

2.1633 

1,616,646 

baghouse 

Collapse r shake 

14,377,322 

18,266,341 

123,377,000 

7,173,971 

1.9290 

1,163,349 

baghouse 

Scrubber 

21,167,265 

34,944,543 

333,900,000 

u, 284, 449 

3.8399 

5,965,479 


installed co3t LncLudes equipment and installation coses of the control device and associated ash handling eq 
liquor pumps, etc*, and the Land cost* • 

^Total annualized cost equals the total of all the power costs associated with the operation of the control de 
operating labor, heat loss/cost of reheat, materials cost (lime and makeup water for scrubber), maintenance c 
and all the financial charges including depreciation, taxes, etc. For baghouses, maintenance excludes bag rep 
meat since it does not occur every year, out it is considered in the aggregate cost of ownership and operatic 
(Column 3). 

c Same as b, expressed in raills/kWh, assuming 500-MWe total capacity and 7,440 operating hours per year. 

^Same as b but excludes financial charges. 

e Same as d, expressed in mills/kWh, assuming 500-MVe total capacity and 7,440 operating hours per year. 


Control Device 


Electrical Power 
(MWe) 


Equivalent of Total Annual 

Heat Energy Usage Energy Cost 

(MWe) (1978 dollars) 0 


Cold-side ESP 

Hot-side ESP 

Reverse flow baghouse 

Collapse + shake baghouse 

Scrubber 


Low Sulfur 

• Montana Rosebud CoaL 

(Case 1) 

0.4121 

0,0000 

59,486 

1.3374 

1.1568 3 

325,628 

1.6183 

0,0000 

233,581 

1.2698 

0,0000 

183,285 

8.6721 

I3.2957 b 

2,161,362 


Cold-side ESP 

Hot-side ESP 

Reverse flow baghouse 

Collapse + shake baghouse 

Scrubber 


Cold-side ESP 

Hot-side ESP 

Reverse flow baghouse 

Collapse *r shake baghouse 

Scrubber 


Medium 

Sulfur Illinois No. 

6 Coal (Case 2 

0.4604 

0.0000 

157,557 

1.0075 

1.0704 3 

467,501 

1.4844 

0.0000 

508,011 

1.1619 

0.0000 

397,665 

6.1950 

12.3022 b 

2,961,870 

Sulfur Pennsylvania Coal 

(Case 3) 

0.5980 

0.0000 

205,116 

1.2690 

1.0997 3 

561,267 

1.6692 

0.0000 

572,523 

1.3380 

0.0000 

458,911 

.5.2598 

12.6388 b 

6,098,600 


a In converting the heat loss across hot ESP to an electrical power equivalent, 
efficiency of 38.8% (same as the default value for the plane overall thermal e 

b In converting the stack gas reheat requirement for a scrubber to an electrical 
it is assumed that steam is used for reheat and the efficiency of a steam-elec 

c Ln computing the total energy cost, the local power cost is used for the elect 
and for the heat energy portion an energy cost of $1.75/ 10 ^ Bcu is assumed. 
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hand calculator. • A computer program has also been prepared as part o 
the work done for DOE on this project. The program is an aggregate o 
the individual models and thus provides for easy application of the 
models to any given situation. 

As illustrated in the case study analysis, use of the model 
provides a means of comparing control device options based on any or 
of the following cost criteria: 

Installed cost, 

. Total annualized cost, $/year or mills/kwh, 

Operating cost, $/year or mills/kwh, and 

Aggregate cost of ownership and operation over lifetime. 

Further, control device comparisons can be made based on en 
consumption expressed as: 

. Electrical power required, MWe, 

Electrical power equivalent of heat, 

Total power as a percentage of plant capacity, and 
Annual cost of energy. 

The above comparison of energy and economic impacts of various contro 
options provides a valuable means for selecting the optimum method of 
control for any given system specifications, including power plant si 
coal characteristics, and emission limits. 
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1 . INTRODUCTION 

An important characteristic of most Western coals is that they cont 
significantly less sulfur than the 2 to 3 pet sulfur content typical of 
coals in the Interior and Eastern coal regions. The sulfur content of 
Western coals averages about 0.7 pet, and an average sulfur dioxide remc 
efficiency of only 30 to 40 pet is required to meet the Federal standard 
1.2 lb SO 2 /MM Btu. At the present time, lime or limestone wet scrubbers 
the most commonly used methods for power plant sulfur dioxide emission 
control. Industrial acceptance of this technology has been slow due to 
large capital investment requirements, poor operation reliability, and 
problems associated with sludge disposal. The majority of the lime and 
limestone systems are located on utility boilers burning high-sulfur Int 
and Eastern Province coals. In the West, however, where coal deposits 
contain significantly less sulfur, several innovative flue gas desulfuri 
tion (FGD) techniques are being developed. 

One innovative FGD technique developed by the Grand Forks Energy Te 
nology Center (GFETC) is the utilization of alkali in Western coal fly a 
in a wet scrubber in lieu of lime or limestone. Studies at GFETC (1) ha 
shown that sufficient amounts of alkali metals, such as calcium, can be 
leached from fly ash to provide a means of controlling sulfur dioxide 
emissions from utility boilers burning Western coals. At present there 
nearly 2600 MW of generating capacity controlling sulfur dioxide emissic 
using fly ash alkali. Additionally, approximately 4200 MW of generating 
capacity are currently under construction or being designed which will 
utilize the fly ash alkali (FAA) system. These figures include only scr 
bers designed for sulfur dioxide control, and not those scrubber systems 
designed for particulate control on Western boilers, and in which some 
sulfur dioxide removal occurs. The utilization of Western fly ash alkal 
has had a significant impact on FGD technology. 

A more recent trend in the West has been the use of spray dryers fc 
sulfur dioxide control. This FGD process is based on injecting a concer 
trated slurry of alkali into the flue gas and atomizing the slurry to pr 
mass transfer of the sulfur dioxide into the absorbent droplets. The fl 
gas is maintained above dew point temperatures, thus eliminating reheat 
requirements. The alkali reagent ends up as a fine particulate and is 
collected, along with the fly ash particulate, by a fabric filter or an 
electrostatic precipitator (ESP)-. The spray dryer FGD concept appears 1 
suitable for power plants burning Western coals, and at least one Westev 
utility with a new 450-MW plant will employ this concept for sulfur dio> 
control . 


I iwrrv-. « v» i 5 


I V IIWM I VI 


water is required. Additionally, dry methods of FGD would be attractive 
utilities requiring a retrofit installation. This type of dry process 
been under investigation at GFETC since 1975. The materials investigat< 
date are nahcolite and trona. The application of these materials invol' 
direct injection into the flue gas duct, followed by collection of the : 

along with coal fly ash, using a baghouse or elec 
Thus, there would be no complex chemical equipmen 
reheat or water requirements* and capital equipmei 
minimal . 


sulfur capture agent, 
static precipitator, 
operate, nor flue gas 
expenditures would be 


The present paper presents a summary of past and present results 
obtained on a 5000-acfm (saturated) and a 130-scfm pilot plant wet scrul 
laboratory kinetic studies on dry adsorption of sulfur dioxide using nal 
colite and trona, and pilot plant results on dry adsorption of sulfur d 
by duct injection of nahcolite and trona followed by baghouse and ESP c< 
tion. 


2. ASH ALKALI FGD 

An important characteristic of most Western coal ashes is their hi< 
alkali content. In general, the alkali content tends to be highest in 
lignites, and progressively less prevalent in the subbituminous and biti 
nous coals. As with Western coal ash content, the ash alkali content c« 
vary widely, ranging from under 10 pet to over 50 pet, with significant 
variations from mine to mine, and even between locations within a singl< 
mine. Studies on the utilization of Western coal fly ash alkali in a w< 
scrubber were pioneered at GFETC using a 130-scfm pilot plant scrubber i 
more recently, on a 5000-acfm pilot plant scrubber operating on a side-: 
of flue gas from a 238-MW cyclone-fired boiler. 

Laboratory Studies 

Laboratory studies at GFETC have shown that the fly ash alkali can 
solubilized into an aqueous media, and that solubilization is primarily 
function of pH. Figure 1 illustrates the calcium oxide availability as 
function of pH for three North Dakota lignite fly ashes. The data were 
generated using batch leach procedures (1) and, in general, indicate an 
increase in the amount of calcium oxide as the solution pH decreases. 
Similar trends are evident for most Western coal fly ashes. There are, 
however, differences in fly ash leach characteristics from different mil 
and power plants. The calcium oxide content of the three fly ashes shov 
figure 1 are nearly identical; however, the percentage of available cal< 
at pH 7 varies from about 10 pet to about 40 pet. As the solution pH 
decreases, however, the differences in solubilities become less signifit 
and tend to approach similar values. The variations in alkali solubilii 
can be attributed to differences in chemical composition of the origina" 
coal, and also to differences in the boilers from which the fly ash was 
derived. The alkali solubility data do indicate that significant amouni 
calcium alkali can hp lparhpH fVnm fha Piw aeu * ll*. 



Figure 1. - Effect of pH on calcium oxide Figure 2. - Flow diagram of 130-scfm pilot 
availability for three Western scrubber. Grand Forks Energy 

lignite fly ashes. Technology Center. 
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the coal ash content, method ot tiring ^pc versus wjrwi 
operating conditions (liquor pH values); however, there is often ample 
ash alkali available to react with sulfur dioxide in a wet scrubber. 


Pilot Plant Studies 

Tests at GFETC have been conducted using a 130-scfm pilot plant s< 
ber, shown in figure 2, and a 5000-acfm pilot plant scrubber at Center 
North Dakota, shown in figure 3. Objectives of tests using the 130-sc 
pilot scrubber have been to determine sulfur dioxide removal efficient 
calcium sulfate saturation levels and scaling rates as a function of s 
gas sulfur dioxide concentrations, fly ash add rate and alkali content 
supplementary alkali requirements, levels of recirculated suspended so 
liquid-to-gas ratios, amount of makeup water, and total dissolved soli' 
(2,3,4). 

The 5000-acfm pilot scrubber was used to conduct a test program, u 
a cooperative agreement among Combustion Equipment Associates (CEA), A 
D. Little Company (ADL), Minnkota Power Cooperative (MPC), Square Butt 
Electric Cooperative (SBEC), Minnesota Power and Light Company (MP&L), 
GFETC. The four major objectives of the cooperative program were: 1) 
generate design criteria and determine operating conditions for a 450-i 
scrubber using only fly ash alkali; 2) To conduct a parametric study a 
operating conditions representative of steady state using fly ash in ai 
typically available from both cyclone- and pc-fired boilers; 3) To inv 
gate low pH scrubbing to increase utilization of the fly ash alkali; a 
To investigate the effects of high sodium and magnesium concentrations 
ash alkali utilization and sulfur dioxide removal efficiencies at low 
to-gas ratios (5, 6, 7, 8). 


The current test program on the 130-scfm pilot scrubber duplicate 
parameters investigated on the 5000-acfm pilot scrubber. The objectiv 
the tests were to characterize sulfur dioxide removal efficiency, calc 
oxide utilization, rate of scale formation, calcium sulfate saturation 
slurry retention time, and level of recirculated suspended solids on t 
scfm pilot scrubber. This paper will compare selected results obtaine 
the 130-scfm pilot plant to results obtained on the 5000-acfm pilot pi 

Figure 4 illustrates the sulfur dioxide removal efficiency and ca 
oxide utilization as a function of stoichiometric ratio. The inlet su 
dioxide and liquid-to-gas (L/G) ratio were maintained at nominal value 
1000 ppm (dry) and 60, respectively. The level of suspended solids va 
from about 0.5 pet to about 12 pet. The averaged data obtained on the 
acfm pilot scrubber (6) are represented by the solid curve for sulfur 
dioxide removal, and the dashed line for calcium oxide utilization. T 
squares represent sulfur dioxide removal efficiency, and the circles r 
sent the corresponding calcium oxide utilization obtained on the 130-s 



Figure 3. - Flow diagram of the 5000-acfm (saturated) pilot plant 

scrubber, Square Butte Electric Cooperative, Center, N. Dak. 



Figure 4. - Sulfur dioxide removal and fly ash CaO utilization as a 
function of stoichiometric ratio at 1000 ppm SO 2 and a 
L/G of 60 gal/1000 acf. Data obtained from the 500(?-acfm 
pilot plant scrubber are denoted by the dashed and solid 



pilot plant conditions will be obtained, and will provide a means of 
jetting pilot plant results to a full-scale scrubber using any reager 


The degree of calcium sulfate saturation is related to scaling f 
in a Western scrubber. Control of scaling must be approached differs 
for low-sulfur Western coals than for Eastern coals, primarily due c 
high state of sulfur oxidation. Control of scale formation in the tl 
alkali system will depend most directly on maintaining a relatively c 
pH, and on circulating a sufficiently high level of suspended solids, 
allowing sufficient time and mixing to desaturate calcium sulfatein 
solution. The recirculated suspended solids are composed of calcium 
and undissolved fly ash particles, which can assist in maintaining tf 
a constant value. If the sulfur dioxide levels should significantly 
increase, the undissolved fly ash suspended solids react with the ex( 
and effectively dampen large pH fluctuations. 


The effects of suspended solids and retention time on calcium si 
saturation on the 130-scfm pilot plant scrubber are not clearly defir 
data using suspended solids ranging from 0.5 pet up to 11.5 pet i ndi c 
effect on saturation, remaining approximately constant at about 200 [ 
These results do not agree with results obtained on the 5000-acfm scr 
which indicate a decrease in saturation values in the suspended solic 
of 1 to 6 pet, and no effect from 6 pet up to about 12 pet. The sati 
values were calculated using activity coefficients. Data generated l 
liquor retention times from 4 minutes to 16 minutes also indicate no 
on calcium sulfate saturation, and the values were generally constant 
about 200 pet. However, scale formation was not detected during expi 
on either the 130-scfm pilot plant scrubber or on the 5000-acfm pi 1 o 
scrubber. 


One characteristic of scrubbing with fly ash alkali is the high 
dissolved solids, specifically magnesium, sodium, and sulfate. The : 
levels, which represent 99 pet of the soluble sulfur forms in the sci 
liquors from the 130-scfm and 5000-acfm pilot plant scrubbers, may r< 
co 8 pet and contribute directly to the high saturation values. The 
sium and sodium levels are also high, reaching concentration levels i 
pet. The overall effect of the high sulfate levels is to increase tl 
cium sulfate saturation values, with the magnesium and sodium levels 
decreasing the saturation values. 

A summary of physical characteristics of sludge (8) generated di 
two-week material balance test on the 5000-acfm pilot plant scrubber 
shown in Table 1. 


Porosity . . Q. 64 to 0.77 

Moisture pet.. 23 to 38 

Unconfined compressive strength kg/cm2.. 1.0 to 2.5 


1 / 


Range of values for ten samples. 


Since the predominant sulfur form in the scrubber liquor is sulfate, 
sludge material is enriched in calcium sulfate in addition to unreacted 1 
ash. Therefore, the resulting sludge has excellent settling characterisl 
and is readily dewatered. Pozzolanic activity due to unreacted fly ash < 
be visually observed, and is also demonstrated by the relatively large v< 
of unconfined compressive strength shown in Table 1. The permeability 
coefficient for the sludge material ranged from 2 x 10 - 6 cm/sec to 6.5 x 
cm/sec. These values are one to two orders of magnitude less than lime/' 
stone sludge materials and should pose less of a threat to the environmei 
when disposed in a landfill. 


3. DRY ADSORPTION OF SULFUR DIOXIDE 

Many utilities in the West are located in areas where water supplies 
scarce. A true "dry" sulfur dioxide removal system would be an attracts 
alternative to a wet scrubber system. Additional advantages of a dry FGI 
system are: 1) no complex chemical plant to operate; 2) high reliability 
3) immediate response to fluctuation in sulfur dioxide levels; 4) dispose 
a dry waste material; 5) less capital investment requirements; 6) lower ( 
ating expenses; and 7) more readily adaptable to retrofit situations. Tl 
FGD technology may be more suitable for utilities burning Western coals : 
the low sulfur content would require smaller quantities of sorbent mater 
to meet the existing NSPS of 1.2 lb SO2/MM Btu, or the proposed standard 
85 pet removal . 

The objectives of the GFETC dry adsorption program are to determine 
suitability of various materials as dry adsorbents, and to conduct large) 
scale parametric tests on promising adsorbents. Two promising materials 
naheolite and trona, which are naturally-occurring mixtures of sodium cai 
bonate (Na2C03) and sodium bicarbonate (NaHC03). This report presents 
selected results on kinetic studies using laboratory batch-type fixed-be< 
reactors, and on pilot plant tests using a 75-lb/hr pulverized coal-fire< 
furnace with either a baghouse or an ESP for particulate control. 


figure 5. Simulated flue gas ot me aebneu ^ 

the reactor containing a thin bed of adsorbent. 


When nahcolite and trona are exposed to elevated temperatures, soc 
bicarbonate is converted to sodium carbonate, resulting in a signiticai 
change in the specific surface area. The bicarbonate- to-carbonate com 
sion product is commonly said to be activated. Figures 6 and 7 illusti 
effects of temperature and time on surface area for nahcolite and tron< 
respectively. For both adsorbents, the maximum specific surface area \ 
achieved at about 600° F. At temperatures above 600° F, the specific : 
area decreased significantly due to sintering of the particle surface, 
sintering effect was verified by SEM photographs (10). The data indie; 
that the bicarbonate-to-carbonate conversion occurs more rapidly for n; 
(see fig. 6) than for trona (see fig. 7), especially at temperatures al 
500° F. Additionally, nahcolite has a higher specific surface area thi 
over all temperature ranges. In the present experiments, both adsorbei 
preheated at 600° F for two hours to ensure an equivalent starting mat« 
for all test conditions. Future plans include redesigning the reactor 
to allow charging the adsorbents directly into the preheated batch rea< 
with gas flow established. 


Figure 8 illustrates the effect of temperature on sulfur dioxide . 
tion using nahcolite. In general, the sulfur dioxide adsorption profi 
indicate an initial rapid increase which levels off to a relatively coi 
value for the time range investigated. For the time range of zero to 
seconds, the adsorption rate increases with temperature up to about 65i 
However, the data collected at 750° F indicate a slight reduction in a< 
tion. The decreased adsorption at 750° F may be attributed to sinterii 
the particle surface, causing a decrease in specific surface area. 

Figure 9 illustrates the effect of particle size on sulfur dioxid 
adsorbence using nahcolite. The results indicate that as the particle 
decreases from an average particle diameter (Dp) of 0.5 mm to 0.09 mm, 
amount of sulfur dioxide adsorbed was doubled. The adsorbent utilizat 
the 0.09 mm particles was about 98 pet after 200 seconds. An examinat 
the reacted nahcolite using SEM techniques indicated that the lower ad 
tion of the larger particles was due to pore blockage by an ash layer 
sodium sulfate. For both the 0.5 mm and 0.19 mm reacted particles, th 
investigation indicates a sodium sulfate ash layer penetration of abou 
mm. These results indicate that an optimum particle size exists, belo 
which additional adsorbent size reduction is not beneficial. The opti 
adsorbent size would depend on the specific application, gas-solid con 
temperature, and residence times. 
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Figure 7. - Effect of temperature and time on specific 
surface area for trona. 
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applications'where low^r temperatures or longer retention times are 
tered, or smaller trona particles are utilized. 


Analyses of reacted naheolite and trona obtained from the abov 
for nitrites and nitrates indicate little nitric oxide adsorption 
when tests with naheolite were repeated without sulfur dioxide in t 
gas, appreciable amounts of nitric oxide were adsorbed, as shown in 
The dashed line represents nitric oxide adsorption in the absence o 
dioxide. The solid line represents nitric oxide adsorption in the 
of 1500 ppm sulfur dioxide. The data indicate significant nitric o 
adsorption in the absence of sulfur dioxide, and the adsorbent util 
approaches 97 pet for a reaction time of 5400 seconds (90 minutes), 
results indicate a competitive reaction between sulfur dioxide and 
oxide for the active sites of the naheolite adsorbent, with the sul 
dioxide dominating the reaction kinetics. Preliminary data indicat 
greater amounts of nitric oxides are adsorbed at 300° F than at hig 
peratures. This apparent decrease in adsorption may be due to ther 
instability of the reaction product; however, additional studies ar 
Both nitric oxide and nitrogen dioxide adsorption will be investiga 
greater detail in future work. 


Pilot Plant Studies 


Tests have been performed utilizing the 6FETC 75-lb/hr, pc-fir 
pilot ESP facility, shown schematically in figure 14. The subbitun 
burned in this study was provided by Utah Power and Light (UP&L) fr 
Kemmerer Mine at Kemmerer, Wyoming. UP&L also provided the naheoli 
obtaining them from the Superior Oil Company. 

The pilot plant program was designed to study dry sulfur dioxi 
tion as a function of adsorbent material, injection temperature, re 
time, stoichiometric ratio, adsorbent particle size, and collectior 
operating temperature under simulated power plant conditions. Flue 
sulfur dioxide removal could occur in any one of three regions in s 
application: 1) during sorbent suspension in the flue gas, 2) duri 
tion in an electrostatic precipitator, and 3) during collection in 
filter (baghouse). The sulfur dioxide concentrations were maintair 
range of 850 to 1000 ppm, approximating the combustion of Kemmerer 
a one pet as-received sulfur content. The present results represer 
mary of the work completed to date. 
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Figure 13. - Nitric oxide adsorbance using nahcolite 
with and without sulfur dioxide. 



Figure 14. - Schematic of 75-lb/hr pc-fired pilot 
plant combustor at GFETC. 





into tne Turnace Durner were perrormed in two ways. In the first case, the 
makeup sulfur dioxide (required to increase the normal sulfur dioxide level 
of approximately 320 ppm to the desired level of 925 ppm) was injected after 
the combustion gases had been cooled to below 2000° F. In the second case, 
the makeup sulfur dioxide was injected along with the coal into the burner. 
Data from these tests are summarized in Table 2. In the first case at stoi- 
chiometric ratios of 0.9 to 1.8, sulfur dioxide removals ranged from 21 to 3‘ 
pet and overall utilizations were nearly constant at 22 pet. These results 
would indicate an optimum utilization of about 22 pet regardless of adsorben - 
material or stoichiometric ratio. From 62 to 100 pet of the overall sulfur 
dioxide removal occurred in zone A (flue gas above 1400° F). The 39 pet 
maximum removal observed under case 1 conditions is approximately equivalent 
to that fraction of the total sulfur dioxide resulting from combustion of tht 
coal (320 ppm out of 925 ppm). 

Results obtained under case 2 conditions indicate a range of sulfur 
dioxide removals from 32 to 99 pet at stoichiometric ratios of 0.8 to 2.6. 
Virtually all of the removal occurred in zone A. Utilizations averaged 41 
pet with, again, very little variation with stoichiometric ratio or adsorbem 
material. These results indicate that nearly all of the sulfur dioxide 
removal occurs at temperatures above 2000° F when the adsorbents are injectec 
into the flame region. The events occurring in such a process most likely 
correspond to those postulated for the action of sodium in promoting ash 
fouling of heat exchange tubes in coal-fired boilers (11). The sodium 
material volatilizes in the coal flame, forming a reactive vapor which com- 
bines rapidly with gaseous sulfur dioxide or sulfur trioxide to form a fine 
sodium sulfate particulate when cooled. Burner injection of sodium material: 
for sulfur dioxide control could not be recommended due to the near certainty 
that severe ash fouling would result in the boiler superheat and reheat 
sections. To evaluate the potential ash fouling problem, an experiment usin< 
naheolite injected into the burner was conducted using the 75-lb/hr, pc- 
fired ash fouling furnace at GFETC. The result was formation of a molten, 
glassy, flowing slag on the simulated secondary superheat tubes. This most 
assuredly would be an impossible condition in a full-scale boiler. 

Adsorption in Flue Gas Suspension 

Tests to evaluate the sulfur dioxide adsorbence of naheolite and trona 
in a flue gas stream, with injection temperatures ranging from 360 to 1515° 
F, indicate an optimum injection temperature of about 650° F for both 
materials. The existence of an optimum injection temperature is in agreemen’ 
with the results obtained in the laboratory kinetic study (see figures 6, 7, 
and 8). The data obtained at 650° F are presented in Table 3. 


TA6LE 2 ' ' ~ ' fur di ° x1 ' de adsorption res ul ts with adsorbent, injected Into the flame 




Nanconte 

tuu 

b4U 

3.1 

0.71 

24.0 

33.9 


100 

640 

3.1 

1.52 

48.2 

31.8 

Naheolite 

200 

650 

3.5 

1.47 

45.6 

31.0 


200 

650 

3.2 

1.84 

61.2 

33.3 

Trona 

100 

640 

3.1 

1.96 

33.0 

16.7 


100 

630 

1.2 

1.03 

25.6 

24.8 


The data indicate that, although a sulfur dioxide removal greater than 
60 pet was achieved in the best case, the low adsorbent utilization values 
would probably make such a scheme unattrative for economic reasons. As the 
selected data illustrate, there is not a clearcut difference for in-duct 
sulfur dioxide removal between the minus 100 and minus 200 mesh naheolite. 
As in flame injection, utilization of naheolite adsorbent was independent o' 
stoichiometric ratio at the conditions studied. There is some indication 
from the whole body of data obtained that below the residence times availab 
in a power plant, greater than three seconds, and at injection temperatures 
below the optimum 650° F, the finer material performs somewhat better. At 
injection temperatures above about 800° F, there is no apparent difference 
between minus 100 mesh naheolite and minus 100 mesh trona. At injection 
temperatures near the optimum and below, the minus 100 mesh naheolite has a 
distinct advantage. Although tests have not been run to evaluate a finer 
trona for duct sulfur dioxide adsorption, the data comparing the two size 
ranges of naheolite would lead one to expect somewhat improved performance 
for a minus 200 mesh trona. 

Adsorption in a Pilot Plant ESP 

A series of tests were conducted to study the naheolite and trona adso 
bents in systems which include an ESP. The motivation was twofold: 1) to 
evaluate such a system for sulfur dioxide removal, and 2) to determine the 
effect of the injection of relatively large quantities of sodium material o 
ESP operation. During ESP operation, the overall sulfur dioxide removals a 
adsorbent utilizations were increased an average of 55 pet above that occur 
ring in suspension. It is felt that this apparent improvement due to the 
presence of the ESP might not be as substantial in a full-scale preci pi tato 
At least two factors would tend to reduce the potential effectiveness of th 
increased flue gas residence time in a full-scale precipitator. In the fir 
place, the majority of the removal of the input particulate mass in a full- 
scale ESP occurs in the first few feet, significantly reducing the portion 
the apparent long residence time which is effectively adsorbent/flue gas 
contact time. Secondly, the collection electrode of the pilot ESP utilized 


resistivity, there was virtually no cnange m 

The doubling or tripling of the inlet particulate ^concentration, however, 
resulted in a twofold increase in the outlet particulate concentrations i 
all cases studied. 


Adsorption in a Pilot Plant Baghouse 

A series of tests were conducted to study the nahcolite and trona 
adsorbents in systems which include a baghouse. The pilot baghouse was 
substituted for the pilot ESP in the system illustrated in figure 14. Tc 
with nahcolite indicate that utilization in the baghouse was independent 
adsorbent size below 100 mesh, injection temperature, and stoichiometric 
ratio at baghouse cycles of 45 to 60 minutes. In these cases, adsorbent 
injection was maintained at a constant level for the entire cycle. The 
overall adsorbent utilizations fell in the range from 63 to 77 pet for al 
cases. More tests are required to evaluate the effect of baghouse opera 1 
temperature. 

The particle size of the adsorbent appears to be a significant facte 
when trona is used as the adsorbent, as shown in figure 15. The utilizal 
shown in figure 15 for the minus 200 mesh trona fall within the range del 
mined for nahcolite (63 to 77 pet), indicating that properly sized trona 
be as effective as nahcolite when used in conjunction with a bahouse. Me 
tests are required to establish what additional parameters might signific 
effect trona sulfur dioxide adsorption in a baghouse. 


Figure 16 illustrates an interesting aspect in the development of d» 
sulfur dioxide adsorption techniques utilizing a baghouse. In this case, 
the trona at an overall stoichiometric ratio of 0.96 was injected during 
first 8 minutes of a 74-minute test. A series of such curves over a var 
of cycle durations and injection schemes should aid in the development ol 
optimum dry adsorbent injection methods and baghouse designs for use in ‘ 
a sulfur dioxide removal system. Optimization of the system should incli 
evaluation of adsorbent injection techniques and baghouse cycling. In 
general, dry sulfur dioxide adsorption utilizing nahcolite and trona in < 
junction with a baghouse appears to have potential as a flue gas desulfui 
zation technique. Continuation of the current test program is certainly 
warranted. Larger-scale testing to confirm the potential indicated by t\ 
work, as well as that of others (12,13) should be planned in the near fui 



Figure 15. - Adsorbent utilization (denoted by dashed line) 

and sulfur dioxide removal (denoted by solid line) 
as a function of stoichiometric ratio using minus 
100 and minus 200 mesh trona in a baghouse. 



Figure 16. - Sulfur dioxide adsorption results utilizing minus 
200 mesh trona with a baghouse and non-conti nuous 
adsorbent injection. 
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Introduction 


The literature on past and current global CO 2 studies yields a perspec- 
tive on the bounds of the potential atmospheric C0£ problem. During the las 
one hundred years or so, the release of fossil carbon as CO 2 has increased a 
an exponential rate as shown in Figure 1. As a result, the concentration 
of CO 2 contained in the atmosphere has grown by about 12 %, increasing from 
about 295 ppm by volume in 1960 (pre- industrial revolution) to the current 
level of 331 ppm. Except for short periods during World Wars I and II and 
the depression, the release rate of fossil carbon has increased at the rate 
of about 4.3% per year.^ At present, with no CO 2 emission controls, about 
5 x lO^ metric tons of carbon per year as CO 2 are emitted to the atmospher 
by the burning of fossil fuels from worldwide sources. About 50% of this 
carbon can be accounted for by the increase in the CO 2 concentration of the 
atmosphere. The remaining carbon is assumed to be absorbed by the oceans 
and by the land biota, in unknown proportions. Deforestation considerations 
and the possibility of the release of CO 2 from the Pacific Ocean waters sout 
of the equator due to the "Southern Oscillation" , ^ a naturally occur ing 
phenomenon of unknown cause, tend to becloud the issue. A better understand 
ing of the carbon cycle is definitely needed. 

If the use of fossil fuels continued to grow at 4.3% per year until the 
estimated supplies thereof were exhausted, the use rate at the end of this 
period would be almost 64 times the current use rate, and the total CO 2 
injected into the atmosphere, during this period, would be about 12 times tl 
pre-industrial content of the atmosphere. Obviously, such a use pattern car 
not be tolerated; however, based on more realistic assumptions, it is 
predicted that the concentration of atmospheric CO 2 , relative to the 
pre-industrial value, could increase by a factor of from about 2 (low use 
case) to about 5 (high use case) during the next one hundred years. The lo^ 
use case corresponds to a fossil fuel growth rate of 2 % per year until the 
year 2025, followed by a symmetrical decrease as alternative and renewable 
energy sources become more available and the use of fossil fuels is dis- 
couraged. The high use case corresponds to an initial annual growth rate oi 
4 . 3 % with subsequent reductions in proportion to the ultimate fossil fuel 
supply that has been consumed. In both cases, about 50% of the emitted 
fossil carbon is assumed to be taken up by the oceans and land biota. 


Of primary concern is the warming ("greenhouse") effect which could be 
produced by these increased CO 2 concentrations due to the absorption by CO 2 
of a portion of the infrared radiation returning to space from the earth 
Tthe infrared absorntion sDectrum of CO 9 shows strong absorption bands at 


regime (the regular pattern of seasonal rainfall; as well as the earth 
albedo (reflection power). ^ The amount of warming produced by a given 
concentration increase is estimated at 1 to 5°K per doubling of the CO 
centration.2 For the low use case described above, this corresponds t 
mean global temperature rise of from about 1 to 5°K over the next one 
years and from about 2 to 10°K for the high case. A temperature of 1 
during this period may be acceptable, however, a rise of 10°K would pr 
cause catastrophic effects. 



QGLJREJ: C0 2 PRODUCTION FROM FOSSIL FUELS AND CEMENT 
WORLDWIDE 
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Since there is a chance that naturally occur ing and/or anthropogenic 
opposing factors will not just counter the effects of increasing CO 2 levels, 
it may be necessary to limit industrial C0 2 emissions in the future. Up to 
the present, there has been practically no concern about the health or 
environmental effects of C0 2 discharge; accordingly, there are no regulation 
applicable to C0 2 emissions. Options for C0 2 control have received little 
attention and although preliminary evaluations indicate that control is 
theoretically possible, it may not be technically or economically practicabl 
It thus becomes important at this time to examine C0 2 control options to 
determine the technical feasibilities and the economic costs, should the nee 
arise for C0 2 control. 

Impact of US Emissions 

In order to determine the impact of fossil fuel use in the United State 
on overall (worldwide) C0 2 emissions, we have superimposed several points on 
Figure 1, based on US fuel use data for the years 1950, 1955, 1960, 1965, 
1970, 1973, and 1976. The points were obtained by subtracting the estimat 
emissions of carbon (as C0 2 ) by US sources from the corresponding worldwide 
emissions for each of the above years, and thus indicate the quantities of 
carbon that would have been emitted if the US had not burned any fossil fuel 
during these years. The reduction in carbon (and thus in CC^) by this hypo- 
thetical non-use of fossil fuels in the US ranges from 0.32 ppm in 1950 to 
0.64 ppm in 1973 (and in 1976) as given in Table 1. However, during this 
period the percentage of the total yearly emissions contributed by the US 
decreased from 43% in 1950 to 27% in 1976. This is due to an increasing rat 
of fossil fuel usage in developing nations and a decreasing rate in the US. 
Furthermore, it is projected that the contributions to global C0 2 production 
by the US and Canada will decrease to about 8% by the year 2025. Developing 
nations will account for 36% of the C0 2 production, the USSR and Eastern 
Europe 27%, Asia 19%, Western Europe 7%, and Japan and Australia 3%. There 
fore, it would appear that a worldwide effort would be required to effective 
control the level of atmospheric C0 2 . A unilateral effort by any one nation 
probably would not be very effective. 

Impact of Coal Utilization 


Table 2 contains a source distribution of carbon (C0 2 ) produced from 
major worldwide sources during the years 1970 through 1976.^ For the year 
1976, using the heating values of 18,000 BTU/lb of contained carbon for coal 
22,400 BTU/lb carbon for fuel oil and 31,500 BTU/lb carbon for natural gas, 
and assuming that all fossil energy was produced by the burning of solid 
coal, the carbon release to the atmosphere would have been roughly 6 x lCr 
metric tons or about 1.2 times the quantity actually emitted. Energy 
differences required in mining versus drilling, preparation, transportation, 
etc. and in combustion efficiencies were not taken- into account. Note that 
the weight ratio of C0 2 produced by the burning of coal to that produced by 
the burning of natural gas, for the same energy output, is about 1.8 and for 


atmosphere would have been even grea e action processes as will 
inefficiencies in the ^^“^^“^Sction could compc 
below. Thus, added reliance on coal ^creasing exponential 
atmospheric release rate of C0 2 , whicn nas 

since 1860. 


Table 1 


U.S. CONTRIBUTION TO ATMOSPHERIC C0 2 EMISSIONS 
COMPARED TO ALL OTHER WORLDWIDE SOURCES * 


Incremental Atmospheric C0 2 

Concentration in ppm % U.S, 

Worldwide U.S. Contribution % Others 


1950 

0.74 

0.32 

43 

57 

1955 

0.92 

0.36 

39 

61 

1960 

1.18 

0.39 

33 

67 

1965 

1.47 

0.46 

31 

69 

1970 

2.00 

0.58 

29 

71 

1973 

2.27 

0.64 

28 

72 

1976 

2.38 

0.64 

27 

73 

2025 Est. 



8 

92 


Developing nations estimated to account for 36% of total worldwic 
emissions. 


Impact of Alternative Energy Sources 

The expected reduction in the US contribution to worldwide atmos 
CO 2 emissions is partially attributed to the development and implemen 
of alternative energy sources, which includes, nuclear (fission and f 
geothermal and solar. The impact of these alternatives in the US dep 
to a great extent on four factors: (1) the demand growth for energy 
US, (2) the availability of the technology, (3) the capital and produ 
costs, and (4) the supply of world petroleum sources and the demand 0 
developing countries for petroleum and coal resources. Although unce 


tne UD xu Liic uc^L. ^ L.U xuu years as listed m Tables 3 and 4. Thus, it 
the energy demand no more than doubles in the next 50 years, and the fossil 
fractional use decreases about in half the US would then contribute approx- 
imately the same amount as at present to the world atmospheric CO 2 emissions, 
as indicated by the CO 2 Index in Table 4. However, the other countries would 
exceed their present contributions as they develop technologically at a highe 
rate. Eventually even these countries will acquire alternative energy source 
and the CO 2 emissions may then become stabilized. 


Table 2 

WORLD-WIDE C0 2 EMISSIONS BY SOURCE 



All 

entries 

in 10 6 

metric tons 

carbon 

as CO 2 



Source 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1976 

Distribution 

Coal 

1497 

1479 

1499 

1527 

1550 

1626 

1676 

33.2 

Lignite 

237 

239 

243 

246 

246 

249 

260 

5.1 

Crude Petroleum & 
N.G. Liquids 

1803 

1907 

2011 

2203 

2213 

2107 

2224 

44.1 

Natural Gas 

545 

583 

614 

646 

659 

665 

675 

13.4 

Natural Gas Flared 

90 

94 

100 

110 

113 

105 

113 

2.2 

Cement 

82 

88 

93 

95 

95 

100 

99 

2.0 

Total carbon 
as CO^ 

4254 

4390 

4560 

4827 

4876 

4852 

5047 


Incremental atm 

C0 2 Cone, (ppm) 

2.00 

2.07 

2.15 

2.27 

2.29 

2.28 

2.38 


U.S. Emissions 
Contribution 

0.58 



0.64 



0.64 



In the interim, there is thus sufficient incentives, even when consider- 
ing alternative energy sources, to systematically examine the technological 
and engineering factors for controlling CC^ emissions. The systematic study 
would be of value for identifying candidate CO 2 control scenarios and to 
determine their technical and economic practicabilities. The environmental 
control technology of CO 2 may be of short term value for the US but of much 
more value in the longer term for worldwide purposes. 


ANTICIPATED DISTRIBUTION OF ALTERNATE ENERGY SOURCES 


FOR THE U.S. 

IN THE 

NEXT 50 TO 

100 YEARS 




Percent of Demand 


£ mi me 


1975 

2025 

2075 

Fossil (coal, oil and gas) 


90% 

50% 

30% 

Nuclear (Fusion and Fission) 


5 

20 

30 

Solar 


0 

20 

30 

Hydro, Geothermal and others 


5 

10 

10 

Total 


100 

100 

100 


Table 4 



U.S. AND 

WORLD 

ENERGY GROWTH AND 


DISTRIBUTION OF ALTERNATIVE 

SOURCES 



1975 



2025 

Fraction CO 2 * 

Region Quads Fossil Index 

Quads 

Fraction < 

Fossil 

U.S. 75 

0.90 

67.5 

150 

0.50 

Other Nations 175 

1.00 

175.0 

1100 

0.84 

World (total) 250 

0.97 

242.5 

1250 

0.80 


C0 2 index is product of Quads consumed and fossil fuel fraction. 

Logic for Constructing Scenarios for CO,, Control Technology 

The suggested logic for guiding the construction of CO 2 control : 
is shown in block diagram form in Figure 2. The sequential steps to 
followed are: 


1. Control Point Selection - Three potential control points (CO 


latter site has the advantage of providing a source of relatively high CO 2 
concentration, while the former two provide more flexibility for site 
selection and simpler disposal or recovery and reuse logistics. A choice 
of control point limits the available choices of CO 2 removal processes and 
will reflect on the size of operation, the number of required sites, removal 
efficiency, energy requirements, the comparative economics and on the overal! 
feasiblilty of operation. 


Figure 2 


LOGIC DIAGRAM FOR THE CONSTRUCTION OF SCENARIOS 
FOR CONTROLLING ATMOSPHERIC CARBON DIOXIDE 



A listing of options for the removal, recovery, disposal, and reuse of 
CO 2 as a function of control point is contained in Tables 5A through 5E . 4 * * 7 
Use of alternative fuels and energy sources are also considered as a potent! 
means of controlling atmospheric CC^. 

2. Removal Process Selection - Once a control point has been selected, 
the next task is to survey available removal processes to determine those 
which appear to be feasible, and compatible, with the selected control point 


3 . Identification of Disposal Alternatives for Captured C0 9 - This tas 
involves the identification of alternatives which are available for disposin 
of the captured CO 2 (Step 2 ) directly, that is without going through a C0 2 
recovery step, (e.g. desorption/sorbent regeneration). For example, if a 
naturally occurring, inexpensive and non-polluting CO 2 adsorbent was availab 
the spent sorbent containing the captured CO 2 could be buried or stored in 
abandoned mine shafts rather than reused. A comparison between direct dis- 
posal versus C0 2 desorption/sorbent regeneration would be made at the time 
of scenario evaluation since each alternative would represent a separate 
scenario. For the case of CCL extraction by refrigeration or distillation, 
no desorption step is required. 


4. C0 o Reco very Process Selection - For a once through system, the 

quantity ofsorbent consumed in absorbing or adsorbing C0 2 would generally 

be very large because of the vast quantities of C0 2 that would have to be 

r r _ _ j f 1 -r-r y-k-r-i +- -v* r\ 1 tVio 1 nf a tmosnher : 









5. Identification of Disposal Alte rnatives for Recovered Cgg -This 
task is similar to that described under Step 3, above, except that C 2 uld 
be in the form of a relatively pure gas, liquid or solid; that is, appreci- 
able quantities of sorbents would not be present in the effluent (disposal) 
stream. Note that in the case of C0 2 extraction by refrigeration liquid or 
solid CC >2 would be produced directly in the extraction step (Step 2) and 
therefore Steps 4 and 5 would not be required. 


6. Identification of CO 9 Reuse Alternatives - The last step in the 
process of scenario construction involves exploring and identifying reuse 
possibilities for recovered CO 2 (Step 4). Several possibilities have been 
identified in Tables 5A through 5E. One option which has been given some 
consideration is to catalytically convert the recovered CO 2 to^methanol by 
reaction with hydrogen using a non-carbonaceous energy source. In some 
cases, it may be possible to proceed directly from CO 2 removal (Step 2) to 
CC >2 reuse as indicated by the broken line in figure 2. 


Since there are several key considerations in evaluating prospective 
control scenarios, e.g., energy and equipment requirements and sorbent 
property and losses, each scenario must be analyzed in some detail before 
realistic decisions can be made concerning its overall feasibility and 
comparative merits. A simplified approach could place emphasis on the wrong 
strategy and lead to false predictions and/or conclusions. However, the 
prime consideration in evaluating a C0 2 control system which derives its 
energy from a fossil fuel source is the energy required by the control 
system. In these cases, additional CO 2 would be generated in supplying ener 
to the control system and a point could be reached where more CO 2 is 
generated in supplying energy to the control system than is removed from 
the control point. 


Carbon Dioxide Generation as a Function of Fuel and Energy Source 


There is a gradation in the amount of carbon dioxide produced per unit 
energy released depending on the type of fuel or energy source used. Table 
6 lists a number of sources of fuels, the heating values and the unit C0 2 
generation in terms of mass of CO 2 generated per unit energy released 
(lb CC^/IOOO BTU) in utilization of fuel. 

It is noted that the least CO 2 generation per unit energy output is 
produced by natural gas and by hydrogen from reforming of natural gas. The 
next smallest amount of C0 2 released is from natural petroleum products i.e. 
oil and gasoline. Further increase in unit CO 2 is given by wood, alcohol, 
and benzene. This is followed by coal and coke. 


CONTROL POINT 


C0 2 REMOVAL OPTIONS 


i 

i 


i 


I . ATMOSPHERE Absorption by Liquids 

1. Water 

2. Sodium carbonate 

3. Potassium carbonate 

4. Caustic 

5. Amines (e.g. monoethanolamine 

and diethanolamine) 

6. Other physical solvents (e.g. methanol 

and N-raethylpyrrolidine) 

7. Other chemical solvents (e.g. ammonia 

and Alkazid) 

8. Combined physical and chemical 

absorbents (e.g. Sulfinol) 

9. Physical a/o chemical solvents followed 

by caustic scrubbing 

Adsorption by Solids 

1. Naturally occurring sorbents (e.g. 

natural clays and zeolites) 

2. Waste oil shale from retort operations 

3. Molecular sieves 

Extraction by Refrigeration 

Increased Planting of Land Biota - photo- 
synthesis 

Absorption by Deep Ocean Waters - process 
used in conjunction with ocean thermal 
gradient power cycle. 

Dilute Phase Methanation of Atmospheric CO ^- 
hydrogen supplied by non-fossil energy 
source . 


II. OCEANS Strip C0 2 with H 2 

Distillation or Steam Stripping 
Acidification Followed by Degasification 


III. MAJOR INDUSTRIAL 
CO EMISSION 
SOURCES (e.g. 
fossil plant stacks) 


Absorption by Liquids - same alternatives as 
for the atmosphere. 

Adsorption by Solids - same alternatives as 
for the atmosphere. 

Extraction by Refrigeration 

A dvanced Power Cycle - air separation followed by 
combustion of fossil fuels by oxygen. Recovery 
of CO^ from combustion by above processes 

Use of Alternative Energy Sources 



OF CARBON DIOXIDE AS A FUNCTION OF CONTROL POINT 


CONTROL POINT OPTIONS FOR DISPOSAL OF CAPTURED C0 2 


I. ATMOSPHERE 


II. OCEANS 


III. MAJOR INDUSTRIAL 
CO EMISSION 
SOURCES (e.g. 
fossil plant 
stacks) 


CO ^ Captured by Liquids 

1. Evaporate water, then bury residue-- 

carbonates and caustic sorbents only 

2. Deep oceans - water only 

CQ q Captured by Solids 
1. Subterranean (e.g. abandoned 
mine shafts) . 

CO ^ Captured by Refrigeration 

1. Extraterrestrial 

2. Deep oceans 

3. Antarctic region 

4. Subterranean 

CO Captured by Plants 

1* CO^ remains integral part of plant 

CO ^ Captured by Deep Ocean Waters 
1. Deep ocean ~ 


CO^ Captured by Distillation 

1. Extraterrestrial 

2. Deep oceans 

3. Antarctic region 

4. Subterranean 


CC^ Captured by Acid. /Degas. 

1. Extraterrestrial 

2. Deep oceans 

3. Antarctic region 

4. Subterranean 


CO,_C ^ p tured by Liquids - same alternatives 
as for atmosphere 

C^-Cggtured by Solids - same alternatives 
as for atmosphere 

COp Captured by Ref rigeration - same 
alternatives as for atmosphere 

ffio-.ft.graoved by Adv. Pn^^r Cycle 

Extraterrestrial 

2. Deep oceans 

3. Antarctic region 

4. Subterranean 


Table 5C 


OPTIONS FOR THE REMOVAL, RECOVERY, DISPOSAL, AND REUSE 
OF CARBON DIOXIDE AS A FUNCTION OF CONTROL POINT 


CONTROL POINT 


OPTIONS FOR RECOVERING CAPTURED C0 2 


I. ATMOSPHERE 


II. OCEANS 

III. MAJOR INDUSTRIAL 
CO EMISSION 
SOURCES (e.g. 
fossil plant 
stacks) 


CO ^ Captured by Liquids 

1. Desorption by flashing 

2. Desorption by distillation 

3. Strip with gases, i.e., H^, ^ , steam, etc. 

4. Desorption by combined flashing and 
distillation or stripping 

5. Electrolytic decomposition of sodium 
carbonate to form sodium hydroxide, H 2 , 

0 2 , and C0 2 by non-fossil fuel source 

C0 2 Captured by Solids 

1. Decomposition by heating a/o stripping 
(e.g. by high pressure steam) 

C0 2 Captured by Methanation 

1. Absorb methane in a solvent, then desorb 
by flashing a/o distillation or stripping 


C0 2 Captured by Liquids - same alternatives 
as for the atmosphere. 

C0 2 Captured by Solids - same alternatives 
as for the atmosphere. 

C0 2 Captured by Refrigeration 


Table 5D 


OPTIONS FOR THE REMOVAL, RECOVERY, DISPOSAL, AND REUSE 
OF CARBON DIOXIDE AS A FUNCTION OF CONTROL POINT 

CONTROL POINT OPTIONS FOR DISPOSAL OF RECOVERED CO~ 


I. ATMOSPHERE 


II. OCEANS 

III. MAJOR INDUSTRIAL 
CO EMISSION 
SOURCES (e.g. 
fossil plant 
stacks) 


Gaseous C0 „ 

1. Extraterrestrial 

Liquid C0 „ 

1. Extraterrestrial 

2. Deep oceans 

3. Subterranean 

Solid C0 2 

1. Extraterrestrial 

2. Deep oceans 

3. Antarctic region 

4. Subterranean 


Table 5E 


OPTIONS FOR THE REMOVAL, RECOVERY, DISPOSAL, AND REUSE 
OF CARBON DIOXIDE AS A FUNCTION OF CONTROL POINT 


CONTROL POINT REUSE ALTERNATIVES FOR CAPTURED/RECOVERED C0 2 


I. ATMOSPHERE Gaseous C0 2 

1. Catalyt ically convert CO^ to gaseous a/o 
liquid carbonaceous fuels (methane, 
methanol, gasoline) by reaction with 
hydrogen, using non-fossil energy source 
(e.g. fission, fusion, solar) 

2. Decomposition of CO^ to CO using non- 
fossil energy source (e.g, solar and 
nuclear radiation and high temperature 
heat), shift CO with water to form CO^ 
and ; subsequently convert to 
carbonaceous fuels 

3. React CO with NH^ to form urea fertilizer 

4. Use CO ror controlled photosynthesis 

in greenhouses- -plant products in biosphere 
a/o burn for energy production 

Liquid CO^ 

1. Use for liquid CO 2 applications including 
industrial chemical uses 

2. Use for displacing crude oil from 
reservoir rock. 

3. Same alternatives as for gaseous CO^ 
after vaporization 

Solid CO 

1. Use ror dry ice applications 

2. Same alternatives as for gaseous CO^ 
after sublimitation 


II. OCEANS 

III. MAJOR INDUSTRIAL 
CO EMISSION 
SOURCES (e.g. 
fossil plant 
stacks) 


Fuel Type 

Chemical 

Formula 

Heating 

Value 

BTU/lb 

C0 generated 
lb cO./lb fuel 

C0, generated 
lb C0„/1000 BTU 

Energy generated 

kwh (e)/ lb C0„ generated 

Coke (ashless C) 

C 

14,100 

3.67 

0.26 


Bituminous Coal 

CH 0.8°0.1 

13,000 

2.75 

0.21 

0.56 

Gasoline & Fuel Oil 
(petrol, diet.) 

< CH 2>n 

20,800 

3.14 

0.15 

0.90 

Benzene 

C 6 H 6 

18,000 

3.38 

0.19 


Acetylene 

C 2 H 2 

21,500 

3,38 

0.16 


Methanol 

CH-OH 

10,000 

1.38 

0.14 


(wood ale) 

Methanol 

CH„0H 

10,000 

2.75 

0.28 

0.42 

(syn. from coal) 

Biomass 

(wood, cellulose) 

(CH 2°>n 

8,000 

1.47 

0.18 


Carbon Monoxide 

CO 

4,370 

1.57 

0.36 

0.33 

Natural Gas 

ch 4 

24,100 

2.75 

0.11 

1.07 

SNG from coal gasification 

ch 4 

24,100 

8.75 

0.34 

1.01 

SNG Coal & Nuclear Hydrogen 

CH 

24,100 

2.75 

0.11 

1.07 

Hydrogen generated by: 

«2 

61,000 

0 

0 


Coal Gasification 

«2 

61,000 

16.5 

0.27 


Natural Gas Reforming 

«2 

61,000 

7.0 

0.11 


Nuclear-Electrolytic 

H 2 

61,000 

0 

0 


Solar -Electrolyt ic 

»2 

61,000 

0 

0 


Geothermal-Electrolytic ^ 

61,000 

2.44 

0.04 



_ j r ltT n llY “ n °^ d that ^nthetic natural gas (SNG made from coal) 
d carbon monoxide (CO) generates the largest amount of C0 7 per unit of 

than^SN^from^oal^^T 08 ^^ 170 !? 11 ^ ^ by C ° al S aslflca tion generates less C0 2 
"f G f ° m c ° al ‘ In determining the C0 2 generated by synthetic fuels such 

process is Sdef tm'"* coa1 ' ‘J* c0 2 Seated in the production 

than C0 2 gen“h™“? STSS,'"’^ < °f ) ^ 3 “T 
certain amounts of C0 2 per unit 2000 BTU which is er ”f 1 ® n ® r f y release s 
operating geothermal wells. !B Of course <*! “““ ted from a number of 

or soiar energy is used to produce hJd'gS Lel "° 2 S6naratl °" lf 

C ontrol Source CO ^ Concentrations 

point^udS!% h i\^ S p^r"L tl “ r r es a ol h c ° 2 sources and 

inciuding nature! wells used for ’energy sources lndustrlal emitters 

in the atmosphere and in the oceans „?» ® a aes * The concentration of COo 
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sphere the total mass in a given volume i *?°° tlmeS denser than the atmo- 

greater. The concentration of CO 17L ! ^ U ab ° ut 200 

10 times greater than that in the atmosphere ThS 33 ^” 5 ab ° ut 1<)3 to 

pnere. Thus, the energy required to 


proportional to the logarithm of the volumetric source concentration, so 
that theoretically it should take 3 to 5 times more energy to extract CO 2 
from the atmosphere than from stacks of fossil fueled plants. Because of 
other inefficiencies and frictional losses, the relative energy requirements 
increases much more than the logarithmic proportionality as the concentration 
of the source decreases. 


Table 7 

C0 2 CONCENTRATIONS AT CONTROL POINTS AND MINIMUM 
C0 2 SEPARATION ENERGIES 


Control Point 


CO^ Concentration Min. Separation Energy 

% by Vol. % by Wt. kwh/lb C0 2 


Atmosphere 

Ocean 

Industrial Emitters 

Fossil Fueled Power Plants 
Chemical Plants 

(lime, cement, NH^, coal gasif,) 

Metallurgical Plants 
(blast furnaces) 

Natural Gas Wells 

Geothermal Wells 


331x10 4 

502xl0 -4 

0.0570 

66x10 4 

lOOxlO -4 

0.0570 

7-20 

11-28 

0.0259-0.0179 

20-100 

28-100 

0.0179-0.000 

20 

28 

0.0179 

0-50 

0-73 

0.0099 

v50 

^66 

0.0099 


Minimum Energy based on free energy of mixing: 
P, 


AF 


= RTIn^ln ^ , where Y ± and V ± are the initial and final partial pressures 


.th 


of the l w " species, respectively. R is the gas constant, T is temperature in 

th 

degrees absolute and n^ is the number of moles of the i species. 


CO^ Removal and Recovery Processes 


a) The atmospheric and oceanic control points 


Taking the atmosphere as the CO 2 control point one can estimate the 
amount of energy needed to remove and recover CO 2 . This has been done in a 
previous study* for a number of options. Results are summarized in Table 8. 


Table 8 


ENERGY REQUIRED TO REMOVE AND RECOVER C0 2 
FROM THE ATMOSPHERE AND SEA WATER 6 


C0 2 Removal and Recovery Process 


Energy for C0 2 Separation 
kwh (e) /lb C0 „ 


1. 

H^O ‘absorption/stripping 
(atm. pressure) 

1.0 

2 . 

H ? 0 absorption/stripping 

2 (20 atm) 

9.7 

3. 

Methanol adsorption/stripping 
(20 atm and -80 F) 

7.3 

4. 

Aqueous K 2 C0^ absorption/stripping 
(atm pressure) 

0.4 

5. 

C0 2 adsorption/desorption 

6.1 

6. 

Cryogenic Separation 

9.2 

7. 

Caustic absorption/electrolytic stripping 
(isothermal process) 

0.9 

8. 

Stripping of sea water 

0.4 


Note; For a bituminous coal burning power plant supplying power for 
for removal of C0 2 in system 4 (aq. K 2 C0 3 > , C0 2 generated/C0 2 

removed = 0.4/0.56 = 0.71 and net C0 2 reduction/C0 2 removed = 

1-0,71 = 0.29. At 100% C0 2 removal efficiency, net power 
plant efficiency would be reduced from 38% to 10%. 

The most energy economic system is the dilute aqueous alkaline K 2 C0 3 
system at atmospheric pressure because it has considerably higher solubility 
for C0 2 than water. An advanced isothermal system is also estimated using 
electrolytic decomposition of a carbonate-bicarbonate solution to release C0 2 
and regenerate the alkaline carbonate solution to scrub the atmospheric COn . 
The seawater stripping system has a low energy requirement because seawater 


produced for a fossil fueled plant from Table 6, with the energy required to 
recover the CO2 shown in Table 8 one can estimate the ratio of CC>2 produced 
to CO2 recovered. Thus, for all the processes listed in Table 8, with the 
exception of the aqueous K2CO3 scrubbing and seawater stripping, more CO2 
would be generated than recovered if a coal burning power plant were used to 
supply the electrical power. However, even in the K2CO3 scrubbing case there 
is a significant penalty in energy generation efficiency. The conclusion to 
be reached here is that only a non-fossil fueled power plant such as nuclear 
or solar is allowable to generate the necessary electrical power for removal 
of CO2, from the atmospheric and ocean control points. 

b) The industrial control ' points 

For the more concentrated industrial emission streams, less energy is 
required to recover the CO2. Therefore, there is a larger margin for net CO2 
recovery if fossil fuel is used to power the CO2 separation processes. How- 
ever, estimates of energy requirements shown in Table 9 indicate that only for 
the high capacity solvent absorption/stripping processes (i.e. K2CO3, MEA, 
caustic scrub) are the energy requirements low enough to allow fossil fuel 
power plants to supply power for the separation process. However, even use 
of these high capacity solvents will tend to reduce power plant efficiency 
as indicated in note ( 3 ) of Table 9 . 

Disposal of CO 9 

The removal and recovery of CO2 is only the first step in the environ- 
mental control chain. Disposal is probably the most critical step. Tables 
5 A through 5 E lists a number of disposal schemes. The disposal breaks down 
into several ultimate possibilities. 

1 . Burial in the deep ocean 


In the two-box model, the world ocean is represented by two reservoirs, 
separated by a thermocline. One reservoir consists of surface layers to a 
depth of about 100 meters; the other, of deeper layers from the 100 meter 
depth to the ocean floor. Mixing is assumed to occur rapidly within each 
box or reservoir, but exchange between the two boxes proceeds slowly. Thus, 
the deep ocean represents a sink for CO2 since there is no direct exchange 
between the atmosphere and the deep ocean. The main discrepancy between the 
simple two-box model and the real ocean is that in some regions (e.g. Artie, 
Antartic and Gibraltar regions) convection currents extend from the ocean 
surface to the ocean bottom. 

One proposal for disposing of collected CO2 is to inject it into the 
sea at the Strait of Gibraltar. 4 Presumably, the current would carry it to 
the deeper ocean waters where, it would remain for centuries. Another proposal 
is to inject liquid C0 2 into the deep sea at a density greater than that of 
deep sea water via a long pipe. The CO2 would sink to the bottom of the 
ocean forming a liquid CO2 lake within the ocean. 


CO Removal and Recovery Process 


Energy for C0 2 Separations 
kwh (e) /lb C0 2 (2) , _ 


1 . 
2 . 


Aqueous i^CO^ absorption/stripping 

Caustic absorption/electrolytic stripping 
(isothermal process) 


3. Amine absorption/stripping 

4. Adsorption/desorption on molecular sieves 

5. Cryogenic Separation 


6. Absorption in sea water 


( 1 ) 


0.1 

0.2 

0.1 

0.6 

1.8 

0.6 


(3) 


( 1 ) 


Note: 

(1) @60% CO removal efficiency and including deep ocean disposal of 
capturea C0^ 

(2) For coal burning plant energy output per unit CO^ generated is 
0.56 kwh(e)/lb CO ; any removal system requiring values equal to 
or greater than tnis yields no reduction in net C0^ emitted. 

(3) For a K CO, removal system (process 1), the overall power plant 
ef f iciency J would be affected as follows: 


CO Removal 


Lb C0^ Discharged 

Net Power Plant 

Atmosphere Per Net 

Efficiency - % 

Efficiency - % 

kwh(e) Generated 

100 

31.0 

0 

85 

32.0 

0.33 

75 

33.5 

0.52 

60 

33.8 

0.82 

50 

34.5 

1.01 

25 

36.3 

1.44 

0 

38.0 

1.83 


The current release rate of fossil carbon to the atmosphere is about 
5 x 10 15 g/yr, whereas the current carbon content of the deep ocean is 
estimated at 0.373 x 10 20 g. Therefore, if all of this fossil carbon was 
collected and deposited in the deep ocean, the quantity of carbon contained 
therein would increase by about 0.013% per year. 


by equilibrating a high CO2 concentration on natural zeolite, is of main 
concern with this method of disposal. 

3 . Extraterrestrial burial 


CO2 packaged as solid, liquid or high pressure gas would be sent by 
rocket beyond the escape velocity of the earth or possibly to other planets. 

In this way one can assure that the CO2 would not gravitate back to earth. 

If non-fossil generated hydrogen is used as rocket fuel no exhaust CO2 penalty 
would be incurred, however, energy costs would be excessive. 

4 . Recycle in products 

Although a number of CO2 containing commercial products can be made for 
the economy, i.e. dry ice,, soda ash, inorganic carbonates, urea, the CO2 
remains about the same because fossil energy is used to produce them and the 
markets for the products are limited. 

A unique disposal method is to convert the recovered CO2 to synthetic 
liquid and gaseous carbonaceous fuel using a non-fossil energy source, for 
example, nuclear power. In this way, the CO2 can be reused thus reducing 
the CC>2 buildup in the atmosphere. There are several options in applying 
this carbon-nuclear cycle. 

(a) Coal can be converted to SNG, oil, and gasoline using nuclear power 
based electrolytic hydrogen. The nuclear hydrogen would be used directly to 
hydrogenate the coal. In this manner the CO2 buildup would be reduced by a 
factor of 3 compared to the natural gas and petroleum cases. 

(b) Remove and recover CO2 from coal burning power plants and combine 
with nuclear electrolytic hydrogen to produce methanol which can be dehydrated 
to gasoline on zeolite catalysts. ^ Figure 3 shows a flowsheet of the system. 
In this manner, power is produced from the fossil plant and the carbon in the 
CO2 reused in producing synthetic carbonaceous fuel. 

(c) Remove and recover CO2 from the atmosphere and combine with electro- 
lytically produced hydrogen to form synthetic carbonaceous fuels. A flow- 
sheet of the system is shown in Figure 4 and features a novel isothermal 
(electrolytic) system for regenerating the CO2 and caustic scrub solution 

in addition to the product hydrogen. 

A quantitative estimate of the number of nuclear reactors needed to 
convert the CO2 emissions from industrial stack emissions to synthetic 
carbonaceous fuels for the transportation sector in the US is shown in Table 
10 .^ The data indicates that there is more than enough CO2 emitted from 
fossil energy power plants to supply the needs of the automotive industry 
and that about one thousand 1000 MW(e) nuclear reactors would be needed to 
make the total conversion. 



CATALYTIC CONVERTOR 
3H* + C0 2 «CHj0H +H 2 0 

CATALYTIC DEHYDRATION 
n CHjOH * (CH 2 )ft + n H 2 0 


A potential large scale use for CO2 is in tertiary treatment of 
depleted oil wells, however, this application may be of limited value as a 
long term disposal method. Another recycle system is to utilize the CO2 as 
a diluent with oxygen in a fossil fuel power plant so that the only effluent 
is CO2 thus reducing energy requirements for removal and recovery. With 
this system a compact highly efficient power plant can be designed. The 
plant can be sited in highly populated areas and the CO2 removed for disposal 
in remote areas. 

Finally, an all nuclear or solar-electric hydrogen economy would 
essentially reduce C 0 2 emissions to a negligible level. 
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Table 10 

INDUSTRY RESOURCE CAPACITY TO PRODUCE SYNTHETIC CARBONACEOUS FUELS 
AND FEEDSTOCKS FROM EFFLUENT CO AND C0 2 FEEDSTREAMS AND NUCLEAR POWER 9 

Based on 1975 Production Capacities 


Indus try 

Production capacity 
Millions tons/yr 

C0 2 or CO 
availability 
Millions tons/yr 

Gasoline 
production 
capability 
Billions gal/yr 

No. of 1000 
MW(e) nuclear 
power plants 
required 

Lime and Cement 

25 Lime 

86 CO, 

9 

90 


85 Cement 

A 



Steel 

125 Steel 

125 CO 

20 

125 

Coal for Power 

500 coal 

1,560 C0 2 

165 

1,680 

Gasoline, US Consumption 


(945 C0 2 ) (1 

100 

H 

0 

0 

0 

H 


l) Capacity needed to meet 1975 US consumption of gasolint uf approximately 100 billion gal/yr 




growing giooai uecnnoiogj-cai pupuiauxuu, ® 

measures can be recommended. 

(1) Attempt to find and utilize more natural gas (and petroleum) in 
preference to coal because of its 2 to 3 times lower CO 2 emissions per unit 
energy produced. 

(2) Consider recovering the more concentrated CO 2 industrial stack gas 
emissions using fossil fuel power. 

(3) Attempt recovering the less concentrated atmospheric and oceanic 
CO 2 using nuclear power or another non-fossil power source such as solar. 

(4) Consider disposal of the CO 2 by deep ocean burial. 

(5) Combine coal with nuclear electrolytic hydrogen to produce SNG. 

(6) Produce synthetic carbonaceous fuel from atmospheric CO 2 and 
nuclear electrolytic hydrogen. 

(7) Convert to a hydrogen economy using a non-fossil energy source. 

(8) Convert to an all electrical economy substituting nuclear or 
another non-fossil fuel source such as solar. 

(9) Convert to a biomass - photosynthetic energy economy. 

Since no energy source is truly benign, in the long run, the realistic 
ECT scenario for CO 2 will depend on the lesser of the evils in selecting and 
utilizing our energy source alternatives. 


References 


!• R* Rotty, "Global CO 2 Production from Fossil Fuels and Cement, AD 
1950-AD 2000", Proceedings of meeting held at University of Hawaii on 
Fate and Fossil Fuel C0 2 in the Ocean, sponsored by Office of Naval 
Research (January 1976), Plenum Press, pp. 167-181 (October 1977). 


2 . 


C. F. Baes, Jr. , H. E. 
Dioxide and Climate: 
310 (1977). 


Goeller , J. S. Olson, and R. M. Rotty, "Carbon 
The Uncontrolled Experiment", Amer. Sci. 65, 


3. K. Hanson (National Oceanic and Atmospheric Administration), "Warming 
Oceans Add to Rising CO 2 ", Science/Technology Concentrates, C & EN, 
p. 30 (October 10, 1977). 

4 * ?* "° n Geoen S ±neerin S and the C0 2 Problem", Climatic Change 


commerce . 


6. M. Steinberg and Vi-Duong Dang, "Use of Controlled Thermonuclear Reactor 
Fusion Power for the Production of Synthetic Methanol Fuel from Air and 
Water", BNL 20016R, Brookhaven National Laboratory, Upton, New York, 
(April 1975). 

7. A. Albanese and M. Steinberg, "Environmental Control Technology for 
Atmospheric Carbon Dioxide, Progress Report No. 2, October 1, 1977 to 
March 30, 197#', BNL 50877, Brookhaven National Laboratory, Upton, New 
York (April 1978). 

8. M. Steinberg, "Nuclear Power for the Production of Synthetic Fuels and 
Feedstocks", BNL 21330, Brookhaven National Laboratory, Upton, New York 
(April 1976). 

9. M. Steinberg, "Synthetic Carbonaceous Fuels and Feedstocks from Oxides 
of Carbon and Nuclear Power", BNL 22785, Brookhaven National Laboratory, 
Upton, New York (March 1977). 

10. A. J. Ellis, "Geothermal System and Power Development", Amer. Sci. 63 , 
pp. 570-621 (1975). 

11. S. L. Meisel, J. P. McCullough, C. H. Lechthaber, and P. B. Weisy, 
"Gasoline from Methanol in One Step, Chem Tech. , pp . 86-9 (February 1975) 


Oak Ridge Nationax 
Oak Ridge, Tennessee 37830 

Gregg Marland 

Institute for Energy Analysis 
Oak Ridge, Tennessee 37830 


1. INTRODUCTION 


If we burn fossil fuels at too rapid a rate in the future, there is a real 
threat of unacceptable consequences from increasing levels of atmospheric carbon 
dioxide. While the uncertainties involved are large, there are ample reasons 
for concern: 

Atmospheric carbon dioxide is increasing. 

The rate of fossil fuel consumption has increased 
exponentially for 120 years. 

The reserves of fossil carbon are very large. 

The oceans can take up carbon dioxide from the 
atmosphere at only a limited rate. 

The magnitude of the greenhouse effect may be several 

degrees Celsius per doubling of atmospheric carbon dioxide. 

If we do not limit the rate of fossil fuel consumption in the future, it seems 
essential to consider, as Dr. Steinberg has outlined in his paper, possible 
means of controlling the excess carbon dioxide produced. 

The goal of our study, which is still underway, has been to examine in more 
detail the technical feasibility, monetary cost and energy cost of some of the 
more promising means of capture and disposal. Specifically we have restricted 
ourselves to the collection of carbon dioxide from stationary sources such as 
power plants, though these amount to only 20 to 30% of the total fossil carbon 
dioxide flux, and the only means of disposal we have considered in any detail is 
ocean disposal. 


* Research sponsored by the Division of Environmental Control Technology, U. S. 
Department of Energy under contract W-7405-eng-26 with the Union Carbide 
Corporation. 


gas by present tecnnoiogy have been estimated by Pappano et al. (1976) and by 
Rump et al. (1977) for large scale operations (in the later case, 270 metric 
tons of C02/hr) for enhanced oil recovery. In Table I, these energy costs are 
compared with the energy worth of the carbon dioxide, i.e., the energy derived 
by burning the coal that produced it. We have assumed a coal (Sewanee Coal from 
Grundy Co,, Tenn.), one metric ton of which produces 6,79 million kcal of heat 
and 2.55 metric tons of carbon dioxide. This gives a cost of CO 2 recovery that 
is about 46% of the energy worth. The dollar cost is estimated at about $19 per 
metric ton of CO 2 ($1. 80/million BTU) . 

The estimated energy cost of compression to 150 atm and transporting 25 
miles are small by comparison. The estimated energy costs of conversion into 
solid forms such as dry ice or the hydrate are more appreciable, 14 to 18% of 
the energy worth of the carbon dioxide. The dollar costs of these steps are 
proportionately higher because much of the energy consumed is electrical. 


TABLE I. COST OF COLLECTING AND PROCESSING C0 2 FROM STACK GAS 
10 6 kcal % of CO 2 

Metric Ton of CO 2 Energy Worth $/Metric Ton of CO 2 


Capture of CO^ 

1.23 

46 

19 

Compress to 150 atm, a 

Transport 40 km 

0.10 

4 

4 

Solidify C0 2 C 

To Dry Ice 

0.36 

14 

14 

To C0 2 -6H 2 0 

0.47 

18 

17 


a Rump et al. (1977). 290 metric tons CC^/hr, MEA process. 

One metric ton of coal assumed to yield 6. 79 "10 kcal and 2.55 metric tons of 

co 2 . 

^Calculated from data of Stickney (1932). 

3. COMBUSTION IN OXYGEN 


Marchetti (1978) has suggested that coal be burned in pure oxygen to pro- 
duce nearly pure carbon dioxide and water, thus avoiding the costly collection 
from flue gas. Table II summarizes the comparable costs of this alternative. 



a 

Preparation of Pure Oxygen 
(22 atm) 

0.76 

29 

Increase in Plant Efficiency 
(38% to 42%) 

-0.28 

-11 

Net Cost 

0.48 

18 

Capture CO^ From Stack Gas 

1.23 

46 

a From data supplied by P. Roster, 

Linde Div., Union Carbide 

Corp 


The major cost is, of course, the separation and compression of oxygen 
from air, amounting to 400 kWh of mostly electrical energy per metric ton of 
oxygen. Since 2.15 metric tons of oxygen are required to burn one metric ton of 
our coal, this amounts to 1.95 million kcal/metric ton of coal (assuming 38/ 
efficiency for the production of the electricity). Thus the oxygen production 
costs amount to 0.76 million kcal/metric ton of CO 2 , considerably less than the 
cost of recovering CO 2 from normal flue gas. 

Moreover, it is reasonable to expect there will be an increase in plant 
efficiency from (1) the reduction in heat loss to the stack gas, (2) the elimi- 
nation of the combustion air fans, (3) perhaps an increase in combustion tempera- 
ture. If an improvement in overall efficiency from 38% to 42% were possible, 
this would amount to 0.28 million kcal/metric ton of CO^ which could be 
credited against the production costs of the oxygen. 

An additional possible advantage of combustion in pure oxygen is that 
there may be no need for an SO 2 scrubbing step which otherwise would precede the 
CO 2 scrubber. The CO 2 and SO 2 could be compressed and disposed of together. 


4. OCEAN DISPOSAL 


If carbon dioxide can be delivered to the deep oceans this would give a 
retention time of the order of a thousand years even if this acidic gas did not 
react with the basic minerals present such as calcium carbonate. We will con- 
sider various forms of carbon dioxide that would be denser than seawater and 
have a vapor pressure lower than the hydrostatic pressure at the depth of 
injection. 


increases the density. The apparent molar volume of dissolved CO 2 (measured 
before the turn of this century and cited by Eley, 1939) is about 35 cm 3 . The 
density increase at the maximum solubility is only about 1%, however, not 
enough to exceed the density of seawater. Hence fresh water does not seem suit- 
able as a medium for the disposal of carbon dioxide in the ocean. 


TABLE III. THE C0 2 CONTENT AND DENSITY OF WATER AT 
THE LIQUEFACTION PRESSURE OF C0 2 


Temp . 
(°C) 

Vapor Pres, of 
(atm) 

Liq. C0 2 a 

7 _ 

Dissolved C0 2 
(Moles/kg H^O) 

P b 

Cone. 

(Wt %) 

p(Sol’n) C 

p(h 2 o) 

0 


34.4 


1.45 

6.02 

1.0125 

5 


39.1 


1.36 

5.64 

1.0117 

10 


44.4 


1.29 

5.37 

1.0111 

15 


50.2 


1.25 

5.22 

1.0108 

20 


56.5 


1.24 

5.16 

1.0106 

25 


63.5 


1.25 

5.22 

1.0108 

30 


71.2 


1.29 

5.39 

1.0111 

a Vukalovich 

and Altunin 

(1968), p. 

97. 



Based 

on data in Linke 

(1958), p. 

460. 



Q 

Calculated 

assuming the 

molar volume of dissolved CC^ 

is 35 cm^. 



4.2 Carbon Dioxide in Seawater 


The solubility of carbon dioxide in seawater as a function of pressure up 
to the liquefaction pressure at various temperatures is shown in Fig. 1. 
Assuming conservatively that the molar volume is no larger in seawater than it 
is in fresh water, there should be a substantial density increase, for example, 
0.0075 g/cm 3 at a concentration of 1 mole/kg. The minimum depth of injection 
without the formation of bubbles is shown on the upper scale. 

To consider further the disposal of carbon dioxide in seawater, let us 
imagine the simple system shown in Fig. 2: Water is taken in at a temperature 
of t]_ and density p]_ which depend on the location and depth chosen; it is 
pumped through a gas-liquid contactor where C0 2 is dissolved to a concentration 
C, the density rises to P 3 and because of the heat of solution the temperature 
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Fig. i. Solubility of CO2 in Seawater 




UKNL-UWU rv-tvwf 



Fig. 2. Schematic Representation of the Injection of CO,, into Seawater 


C 3 " C 1 + 5 ' C » 


( 1 ) 


based on a heat of solution of 5 kcal/mole. The density difference at the out- 
let, P 3 ~P 2 » can be calculated as the sum of two terms. 

P 3 ~P 2 = [p(t 3 ,0) - p(t 2 ,0)] + [p(t 3 ,C) - P(t 3 ,0)] . (2) 

The first is the density decrease caused by heating the ambient seawater from t 2 
to t 3 , known accurately from data for seawater. The second term is the density 
increase produced by introducing the carbon dioxide to a concentration of C 
moles/kg, and can be estimated from the approximation 

p(t 3 ,C) - p(t 3 ,0) a 0.0072-C , (3) 

3 

based on a molar volume of 35 cm . 

It turns out that the density difference, P 3 -P 2 , which we wish to maximize 
depends on two quantities, the inlet temperature t^ (which should be minimized) 
and the concentration of carbon dioxide C (which should be maximized) . The 
calculations plotted in Fig. 3 were done assuming the injection point was at the 
bottom of the thermocline (y 1,000 m depth) where the water temperature becomes 
approximately constant below 5°C. Injection at lesser depth would give larger 
density differences because the ambient water temperature is higher. 

One of our early ideas for the disposal of carbon dioxide from a coal- 
fired power plant was to take advantage of the cooling-seawater requirements of 
an ocean thermal energy conversion (OTEC) plant. A 1,000 MW(e) coal-fired plant 
produces about 210 kg/sec of carbon dioxide. If this were dissolved in seawater 
to a concentration of 0.5 moles/kg, about 10,000 kg/sec of water flow would be 
required. A 100 MW(e) OTEC plant proposed by TRW Inc. would require 380,000 
kg/sec of cooling water. This is 38 times the flow rate required to dissolve 
the CO 2 released by a 1,000 MW(e) fossil fuel plant, and we thus conclude that 
there would be no advantage in using the OTEC plant. The same benefit could be 
gained by siting the fossil plant on a floating platform or at a coastal 
location where the C 02 ~seawater solution could be discharged at the proper 
depth. Indeed the seawater requirements for such disposal are so modest that if 
deep ocean water were used for cooling the condenser of a coal-fired plant, it 
could carry away all the carbon dioxide produced by the plant at a concentration 
of the order of 0.1 moles/kg while at the same time offering greater thermal 
efficiency because of its lower temperature. 

4 . 3 Carbon Dioxide Hydrate 

The hydrate of carbon dioxide has a clathrate structure (Miller and Smythe, 
1970) with a density of about 1.12 g/cnr 5 , greater than that of seawater. If 
large blocks of the solid were dropped into the sea they would sink rapidly. 
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formation would cease. The reaction product cnereauci a. ua, U uu 

dioxide-seawater solution more dense than the surrounding water. The reaction 
rate might be slow enough to permit the block to reach the bottom before an 
appreciable fraction had been consumed. 

4 . 4 Liquid Carbon Dioxide 

Marchetti (1976) has mentioned a suggestion of Nordhaus for disposal in the 
form of liquid carbon dioxide. In Fig. 5 we see that while the density of the 
liquid is less than that of seawater at the surface, it is much more compressible 
and has a much higher thermal coefficient of density. From these curves it 
appears, however, that a considerable depth of injection would be necessary, 
about 3,000 meters, to insure that the CO 2 is more dense than the surrounding 
seawater. 

4.5 Dry Ice 

This form has the greatest density, about 1.5 g/cm^, and would be the most 
economical to transport by water. Large blocks of it would sink rapidly and, 
again, once past a depth of about 500 m, bubbling should cease and the reaction 
products - the hydrate, the liquid and dissolved CO 2 - should be denser than the 
surrounding water. This form of carbon dioxide might survive the trip to the 
ocean bottom best of all. 


5. SUMMARY AND CONCLUSION 


1. The cost of CO^ recovery from flue gas will be high. 

2. Combustion of fuel in pure oxygen may permit a more efficient recovery of 
C0 2 (and S0 2 ) . 

3. Deep ocean disposal would give a long retention time. 

4. Fresh water is not a suitable medium for ocean disposal. 

5. Seawater could be used because dissolving CO 2 should increase the density 
of seawater. 


7. 


The cooling water flow from one 0TEC plant could accommodate the C0 9 output 
of hundreds of fossil fuel plants of the same capacity. 

The cooling water flow from a fossil fuel plant is more than adequate to 

accommodate the C0 2 output of the plant, but the plant must be sited to per- 
mit ocean disposal. 


8 . 


We need more data on the density effect of introducing COo 
a function of temperature and pressure. z 


into seawater as 
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Fig. 5. A Comparison of the Densities of Liquid C0„ and Seawater 



11. Liquid CO 2 might be used for ocean disposal, but the depth of injection 
would be over 3,000 m. 
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Energy Technology 
Fossil Fuel Utilization 


Cogeneration is classicly thought of as a conservation technique. What is 
perhaps less appreciated is the fact that cogeneration is also a technique 
for the reduction of emissions* This is one of the benefits of a cogener- 
ation system since less fuel is burned to produce electrical power and pro- 
cess heat than in isolated powerplants or furnaces. Despite these benefits, 
there is concern that if cogeneration becomes widespread in the US on the 
scarce fuels of today (natural gas and light distilate petroleum) it could 
potentially displace the coal required by utility power generation and in- 
creases our imports of scarce fuels. If that can forseeably happen, and 
the US balance of payments to foreign countries were to increase, then very 
reasonable arguments can be made that cogeneration should not proceed with- 
out regard for the systems 1 potential for switching to fuels from far more 
abundant sources-like coal and coal-derived fuels. The author’s position 
is not necessarily one of announcement of DOE policy but it is very much one 
of advocacy for cogeneration and the development of engine technology that 
can operate reliably and cleanly on fuels from coal at dispersed sites with 
the potential for utility ownership. Very direct benefits that this will 
permit are (1) the reduction of national consumption of scarce petroleum and 
natural gas to help the US balance of payments problem, (2) big increases in 
national coal production requirements, and (3) reduction in the amount of 
fuel required to make both electricity and process heat by factors ranging 
from 20 to 40% for the purposes of emission reductions on minimally proc- 
essed coal-derived fuels*. (4) keeping the cost for fuel burned in an operation 
from rising due to increased costs/BTU on coal-derived fuels and (5) dis- 
persed power generation should reduce national vulnerbility to disaster of 
one form or another. 


To give the reader some indication of how large the opportunity is for coal 
in cogeneration systems to meet the country’s growing electrical and heat 
demands, refer to Figure 1. This shows a current and projected schematic 
of how energy is used in our two stationary sectors (commerical/residential 
and industrial) and how it is supplied by the purchase of fuel and the 
purchase of electricity from a utility company. In the year 2000, a pro- 
jection of how heat and electrical requirements might be met with and without 
cogeneration is shown. Cogeneration is shown in the schematic to be used to 
meet national electricity growth requirements of nearly 8 quads electric 
between 1975 and 2000, with some, recovered on-sito waste engine heat being 
used to displace fuel that would otherwise be burned for process heat in 
these two sectors. While the overall national energy savings are only 5.3 

• Ua ^/ ear ’ new mar ^ e t for fuel burned in engines in cogeneration systems 
in this upper bound scenario is 25.3 quads/year. If heat engines and fuels 
rom coa can e eveloped to meet this market and it’s constraints (tech- 
l C l rJw r r eital and cost) then this can be considered as a market for 
. 1 ha ? s ^ rce fuels - Note that this 25.3 quad/year market by 2000 

ion o e current 20.2 quad/year fuel requirement of utilities. 
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A very major technical barrier confronting the successful substitution of 
coal for scarce fuels is the fact the emissions from the combustion of coal 
derived fuels can be high enough to be considered unhealthy. The two most 
obvious solutions in engines are to (1) clean up the fuel to remove the 
polutants or (2) to develop engine technology to either burn more cleanly or 
clean up the exhaust products. A third solution, which is not quite so 
obvious is also applicable in reducing emissions. This third solution is 
cogeneration - the simultaneous generation of electrical or shaft power and 
process heat. The technical key to understanding how cogeneration can re- 
duce emissions lies in understanding that in a "topping" type cogeneration 
system, the waste heat from a powerplant is used to make process heat 
instead of firing up an isolated furnace. The emission reduction comes from 
the industrial or commercial/residential furnace that is no longer lit. 

These 2 sectors now consume about 7 quads of electricity and 34 quads of 
fuel for heat, mostly in isolated non-cogenerated installations. In the 
future these requirements may be even greater and come to us at a time when 
it would be most desirable to meet these requirements using our most abundant 
fuel - coal. Means to do this job without sacrificing our environment 
however, are badly needed. Within these constraints it appears that 
cogeneration can be one of the most promising ways to make the combustion of 
coal acceptable for both power and process heat generation. The solution 
which this paper offers, cogeneration, not only reduces emissions it also is 
highly fuel efficient and can provide a market for the more economic, 
minimally processed coal-derived fuels. Some of the technical reasons why 
coal-derived fuels are not being used this way today even on a trial basis, 
are that (1) the best* of today’s engines for cogeneration (diesels and. gas 
turbines) can have severe operating problems on the impurities in these fuels, 
(2) even the emission reductions possible through only cogeneration are not 
enough to meet proposed EPA engine standards and (3) critical technologies 
for the balance of the coal cogeneration plant beyond the engine have not 
been investigated enough to know what their problems and solutions are. If 
these problems can be solved, there is still some barrier potential for 
industrial or commercial/residential cogeneration that can be anticipated 
if the environmental standards are based upon emissions per BTU input rather 
than emissions per usefull BTU output. In a cogeneration system, the use- 
full output can be on the order of 3 times higher than that of an isolated 
non-cogenerated powerplant with no increase in site emissions, despite the 
very large increase in usefull energy conversion. It seems very reasonable 
to the author that an environmental credit should be given for this added 
capability in BTU or equivalent KWHR that cogeneration can provide. 

The following develops the rationale for these claims of emission reduction 
and increased useful output. Refer to Figures 2 to 5. Figure 2 from 

Reference 1 shows a candidate open cycle gas turbine cogeneration scheme 
making both electricity from a shaft driven generator and low temperature 

*1) Best here means highest power/heat ratio. 
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Taking Credit For Cogeneration Benefits 
On .7% FBN Coal Liquid 
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now comes from the cogeneration system. 


For a direct comparison of emission and fuel reductions between isolated 
and cogenerated power and process heat generation on coal-derived fuels, see 
Figure 3. This figure shows an isolated boiler making low pressure pro- 
cess steam and an isolated gas turbine making electrical power. For illus- 
tration and comparison purposes, the boiler is sized to put as many BTU/HR 
into steam as the cogenerated gas turbine does. To make the case scale- 
able, the electricity generated is 1 KW. In the illustration, the fuel 
used is an undefined coal-derived liquid containing *7% fuel bound nitrogen 
with both the boiler and the turbine using the same fuel. The fuel bound 
nitrogen level selected corresponds closely to that of fuels that were 
burned in a gas turbine combustor (Ref. 2) and in a utility furnace that 
had originally been sized for coal (Ref. 3 and 4), The engine and boiler 
emissions of NOX shown in Figure 3 are therefore, based upon actual coal- 
derived liquid fuel burns in production equipment. No speculation is made 
in this paper as to whether or not these values are going to be typical, 
but the ones shown do reflect what was measured. Cogeneration is shown to 
reduce the system emissions of NOX by 23% owing to the elimination of the 
boiler, its fuel demand and the emissions from that fuel. This brings up 
a subtle but very important point, that any impact of cogeneration is due 
to the equipment it replaces. The boiler shown in the example only emitted 
,3 lbs N0 x /10^ BTU fuel input. If, for whatever reason, that emission had 
been higher, say .7, as might occur on furnaces originally designed for 
natural gas or light distillate, then the lbs of NO x /Hr would have risen 
from .00223 to .00521 for the boiler contribution. This would have raised 
total system emissions of N0 x /Hr from .00976 to .01274. Eliminating such 
a high emission boiler through cogeneration would reduce total emissions 
by 41%. The point is that the impact of cogeneration upon emissions is 
dependant upon what is being replaced. 


Figure 4 shows some various aspects of how these emissions reductions might 
be credited for the user. Two methods are shown. The first method credits 
the emission reduction uniformly for all members of the system as a whole 
-rather than to one component of it. In this form of acreditation, the 
total NOX reduction for power and process heat production is 23%. This 
means that the site of the cogeneration system is only making 7 7% of the 
NOX that would be formed by an isolated gas turbine plus an isolated boiler. 
For the boiler this would be equivalent to an isolated unit emitting only 
.23 lbs N0 x /10 BTU, which is considerably better than EPA standards. For 
the gas turbine, a 23% reduction in NOX would be equivalent to reducing its 

*1) Ref. 1 also shows a combined cycle gas turbine (42% efficiency) with 
its waste steam going directly to process heat with 70% cogeneration 
system efficiency in the 300° - 400°F stack temperature range. 


is worth noting that based upon Ref. 2 ! s information, a reduction in NOX 
from 230 ppm to 177 ppm is equivalent to operating an isolated engine on 
,3/o FBN fuel rather than .7% FBN. In a system that combined both cogene- 
ration and an advanced low NOX combustor gas turbine, the minimally pro- 
cessed .7% FBN fuel might have been used and the additional fuel cleanup 
cost avoided. Over a 5 year period, operating 65% of the time (28470 hrs), 
a fuel cost savings (by being able to use .7% FBN instead of .3% FBN fuel) 
of $ . 60/MB TU (Ref. 5) would result in a savings of $196.40/KW. Since this 
figure is higher than the installed price of a gas turbine, it suggests 
that just the savings in not having to do additional fuel cleanup would pay 
for the powerplant in 4-5 years. 

Compared to the isolated system, the cogeneration system only consumes 60% 
as much fuel for the same output. One way of interpreting this is that the 
cogeneration system could possibly more easily afford a substantial increase 
in fuel price if it were to rise from $3/MBTU (today 1 s price) up to $5/MBTU 
(a possible future price). 

In summary, the substantial impacts of cogeneration for the case given were: 

1) An actual fuel consumption reduction of 40%, and an attendant NOX 
reduction of 23 to 41%, depending upon the performance of the 
replaced boiler. 

2) An ability to burn minimally processed coal-derived fuels, rather 
than the more highly processed varieties with a savings over a 4 
to 5 ye^r period big enough to pay for the installed capital 
equipment price of even advanced gas turbine powerplants. 

3) An ability to tolerate a rise in fuel price from $3/MBTU up to 
$5/MBTU - if the fuel is used in a cogeneration system - with no 
increase in price of either electricity or process heat to the 
customer because of a fuel price increase. 

The second method gives all the credit to the engine due to the fact that 
although it f s emissions do not change, its output in terms of useful BTU t s 
goes up by a factor of 2.8. This output per emissions factor is simply the 
ratio of engine thermal efficiency with and without cogeneration. Usually 
this does not mean that emissions are reduced by a factor of 2.8. There 
are certain cases however, where it does mean exactly that. These are the 
cases where heat can be supplied in lieu of electricity for direct element 
heating, particularly where this electricity comes from peaking gas turbines. 
For the case given, if the cogenerated low pressure steam (or hot water) 
could replace electricity made by isolated gas turbines like the one in the 
example, the NOX produced to make the same useful output (9737 BTU) would 
be .00753 lbs, rather than (9737/3412)x .00753 or .0213 lbs, which is lower 
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for this paper* However, some gross definition of the impact of cogenera- 
tion upon the emissions of the cycles is still desirable* An attempt to 
show this is given in Figure 5. 

Figure 5 shows the ratio of emissions/output for isolated powerplants to 
emissions/output for 100% energy conversion plotted versus installed thermal 
efficiency. This curve is a direct presentation of the second method of 
acreditation given previously in which all the credit for the conversion to 
additional useful energy is given to the engine. The message from the 
figure is that cogeneration can boost the useful power and heat output of 
engines by factors as high as 3. While this does not reduce the site 
emission level for power generation, it does reduce the need for combustion 
of a fuel elsewhere to get the extra output now being made through cogene- 
ration* In the example given, the ordinate value for the isolated gas 
turbine making only electrical power is 3*33 and the value for the cogene- 
rated gas turbine is 1.18. The ratio of those two values is 2.8 which 
means the output of the cogenerated system is 2.8 times as much as the 
isolated system with no increase in fuel consumption or emissions. 

The preceeding has given a reasonable indication that cogeneration can have 
a large beneficial effect not only in reducing emissions but also in making 
large financial savings in the life cycle of power and heat generation on 
minimally processed coal-derived fuels. Cogeneration seems to be a means of 
overcoming many of the technical, economic and environmental problems 
associated with coal. In recognition of such powerful leverage, in FY 1978 
and FY 1979, the Fossil Energy Group of Energy Technology at DOE has 
established a series of major programs intended to (1) identify the major 
opportunities for cogeneration on coal and (2) to develop the technology in 
engines to permit them to operate reliably and cleanly on the lower cost 
minimally processed coal-derived liquid fuels. 

In the first area, the 1985-2000 time frame is being addressed with major 
emphasis on obtaining optimum matches between engines of all types and the 
electrical and process heat requirements of 6 major industries and a 
commercial/ residential mix. The industrial program now constitutes 2 major 
parallel study contracts (GE and UTC) let through NASA, Lewis Research 
Center. They are investigating the technical merits of diesel, Stirlings, 
gas turbines, steam turbines, fuel cells, thermionics, bottoming cycles and 
energy storage for cogenerating the chemical, refining, paper, metals, 
stone/clay/glass/cement, and food industries with extensive applications of 
coal-derived fuels being sought. This program is called the "Cogeneration 
Technology Alternatives Study" (CTAS) and the contracts end in March 1979. 
The commercial/residential study is termed "Total Energy Technology 
Alternatives Study" (TETAS) which is being conducted in-house at Argonne 
National Laboratory. In this study, ANL is trying to find optimum matches 
between most of the topping cycles and heat pumps of CTAS and the power /heat 
requirements of a commercial/ residential mix - shopping center, townhouses, 


The one major assumption of the above studies is that they, by definition, 
presuppose that engines can operate at least reliably and possibly cleanly 
on coal-derived fuels. With the exception of the steam turbine, this is not 
necessarily true today. Fortunately, however. Fossil Energy in DOE has 
made major strides in establishing engine programs to provide the fuel 
flexibility capabilities that the studies assume exists. The major thrust 
of the programs are in diesels, gas turbines and Stirlings. The Stirling 
has the most fuel flexibility of all, because like the steam turbine it is 
externally fired which means its working fluid never comes into contact 
with the products of combustion. The Stirling's problem is that its major 
development for widespread commercialization was stopped around the turn of 
the 20th century due to the availability of cheap, clean, fuels suitable for 
internal combustion engines. Fossil Energy will have 2 small units built 
and scheduled for their first run in FY 1979. The conceptual design of a 
large unit will be started in FY 1979 with the first engine to test about 
5 years later. The gas turbine can burn mostly any liquid or gas that is 
combustible, including coal-derived fuels. The gas turbine's problem on 
coal-derived fuels is that without additional processing of the fuel, many 
of these fuels contain traces of what is in coal - namely fuel bound 
nitrogen which produces high NOX levels, ash which may give turbine erosion 
problems and minute quantities of vanadium and alkali metals that give the 
turbine severe corrosion problems. The solutions to these problems seem to 
be the development of coatings and low-NOX combustor techniques. Two major 
DOE programs in these two technologies will be on multiple contract by 
January, 1979. With adequate funding, the programs will last about 5 years 
each and will be complete with demonstration in an engine (s). This work 
dovetails with complimentary development efforts on gas turbines for utility 
companies being performed through EPRI for baseload and intermediate 
capability on residual oils and coal-derived fuels. Of the three power- 
plant types mentioned, the one which seems closest today to a multi-fuel 
capability is the stationary diesel. This is based upon the fact that under 
DOE sponsorship several coal-derived liquid fuels have been run in a large 
diesel engine with less than a 10% increase in NOX as compared to light 
distillate operation. DOE plans to initiate a program in FY 1979 that will 
more fully asses a range of stationary diesel sizes on coal-derived liquid 
fuels. The primary things to be learned relate to emissions, corrosion, 
erosion, deposition, wear and what it takes to get fuels with very low 
cetane numbers to ignite. 


The overall conclusion of this paper is that cogeneration offers a very 
powerful technique for the successful use of coal as a means of reducing 
o imports, emissions, fuel costs and operating costs. The key technologies 
a eq ? ir a £ on ? lnued development in three major complimentary areas - 
relilhW^nH f ?i 1 ^ ocessdn f» engines to burn these fuels cleanly and 
engines [ aS fuels ^ “"0°"““ to cogenerate besides 
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2. Efforts performed in 1978 under "Combustors for Coal-Derived Liquids 
With High Bound Nitrogen," EPRI Contract RP 989-1, by Westinghouse 
Electric Corp., Lpster PA 19113 

3. Mr. Richard Corey, DOE/ET/FE, Oct. 1978, 20 Mass. Ave. N.W., 

Washington, D.C. 20545 
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5. "Economic Screening Evaluation of Upgrading Coal-Liquids to Turbine 
Fuels" AF-710, Technical Planning Study 76-666, Final Report 
March 1978, by Mobil Research and Development Corp., Billings Port 
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C. E. Schmidt and M. S. Edmunds 
U.S. Department of Energy 
Pittsburgh Energy Technology Center 


A high resolution mass spectrometric (HRMS) screening technique developed 
at the Pittsburgh Energy Technology Center (PETC) was used to screen 
process streams from coal gasification and liquefaction for possible 
hazardous compounds. The screening technique compares precise masses deter- 
mined by high resolution mass spectrometry to those masses of chemical 
formulas corresponding to selected hazardous and/or toxic compounds. The 
hazardous compound list employed in the HRMS screening program is comprised 
of nearly 700 hazardous compounds from OSRA, EPA, NIOSH, ACGIH, and NAS lists. 
HRMS screening data was obtained on coal gasification tars and all the major 
process streams from the PETC 400 lb/day liquefaction PDU. Liquefaction 
product made with an added catalyst was found to contain fewer possible 
hazardous compounds than product made without added catalyst as determined 
by the HRMS screening technique. Concentrations of specific compounds in 
process waters from both gasification and liquefaction processes were 
determined by direct injection gas chromatography. 


METHODOLOGY DEVELOPMENT FOR THE DETERMINATION OF POLYCYCLIC 
AROMATIC HYDROCARBONS (PAH) IN FUGITIVE EMISSIONS 
FROM COAL LIQUEFACTION PROCESSES 


Curt M. White and A. G. Sharkey, Jr. 

U. S. .Department of Energy 
Pittsburgh Energy Technology Center 


and 

Milton L. Lee and Daniel L. Vassilaros 
Bringham Young University 


The objective of this project is to develop a method for the quantitative 
collection and analysis of polycyclic aromatic hydrocarbons (PAH) in fugitive 
emissions from coal liquefaction processes. Coal liquefaction products and 


*"“* can bT quantitatively recovered from 

from ambient air, and the “ u c ““ using n _ pe ntane. Further, dilute 

the collection media y so ven concentrated by solvent removal using a 

solutions of PAH in n-pentane can be wftTminimL sample losses . The 
Kudema-Danish evaporative concentrato , exnected to be present 

chromatographic resolution of complex mixtures of PAH ejected to De present 

S fStfve emissions from coal liquefaction processes is best attained using 
h?gf resolution glass capillary-gas chromatography. The gas chromatographic 
retention characteristics of over 200 PAH have been determined and a new gas 
chromatographic retention index system unique for PAH has been developed. The 
PAH retention index system provides for the tentative identification of numerous 
PAH in these complex mixtures. Positive identification is obtained w en the 
retention indices are combined with mass spectral data on the same chromato- 
graphic peaks. The use of the new PAH retention index system will be demon- 
strated by the analysis of an aromatic fraction from a coal liquefaction product. 


INTEGRATED COMPLIANCE AND CONTROL TECHNOLOGY RESEARCH ACTIVITIES 
FOR IN SITU FOSSIL FUEL PROCESSING EXPERIMENTS 


D. S. Farrier, L. W. Harrington, and R. E. Poulson 

U.S. Department of Energy 
Laramie Energy Technology Center 


Fossil fuel processing research facilities must comply with Federal 
and state regulatory standards. In addition, the experimental sites provide 
research opportunities to evaluate control needs and then design and demon- 
strate control measures as each technology approaches commercialization. 

This paper will summarize the regulatory compliance and control technology 
activities and illustrate their integration as pertaining to field in situ 
recovery experiments for oil shale. 


tfatneixe raciric wortnwest Laboratories 


Wastewater disposal is an important element to be considered in eval- 
uating the environmental impact of the developing shale oil industry. Waste- 
water can be generated by a number of different sources within a shale oil 
recovery facility, depending on the type of recovery system used, the loca- 
tion, and the type of oil shale processed. The pollution potential of the 
wastewater may be very high as in the case of retort water or it may be low 
as in the case of some minewaters. Above-ground retorts may reuse all waste- 
water streams generated within the raining and processing facilities to moist- 
en spent shale for compacting in the dumping areas. Moisturizing spent shale 
is not performed at in situ operations; therefore, substantial wastewater 
discharges are anticipated at their installations. In situ retorting pro- 
duces water in approximately the same volume as the oil produced , consequent- 
ly a 100,000 barrel per day facility would generate about 4 million gallons 
of retort water each day for disposal. 

Studies have been completed on the evaluation of land disposal and 
underground injection as disposal options for shale oil wastewaters. Land 
disposal is the application of wastewater at the soil/air interface to 
utilize natural chemical and physical reactions for purifying the wastewater. 
Underground injection makes use of deep confined aquifers or isolated geo- 
logical zones for discharge of wastewaters. The results of this investiga-* 
tion indicate that both the wastewater characteristics and the climate of 
the oil shale regions of Colorado, Utah, and Wyoming are not favorable for 
land disposal of retort water. Underground injection is a viable disposal 
option for retort water where geological conditions are favorable; however, 
regulatory restraints are expected to limit the use of this option. 

Studies are currently in progress on benchscale evaluations of treat- 
ment technology for retort water and mine water. Conventional biological 
treatment appears to be adversely affected by toxicants in the retort 
water, however, preliminary results indicate that the addition of powdered 
activated carbon may overcome this problem. Several different methods have 
been investigated for removal of fluoride, boron, and alkalinity from mine- 
waters. Ion exchange is a leading candidate for treatment of minewaters. 


M. M. Moody and C. J. Slsetnore 
Lawrence Livermore Laboratory 


Burned out oil shale retorts need to be stabilised to prevent aubsi- 
j rl!! overburden and the ground surface; prevent gas leakage; maxi- 

niz^reeource utilization; and provide subsurface disposal of spent shale 
that htt been retorted on the surface and minimise ground water contend- 
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We believe that in order to stabilize the retorts, the following 
strategy should be followed. 

(1) Characterize the components of the retort such aa overburden 
and pillar strength: temperature effect on strength; retort and 
pillar permeability; and rubble behavior during and after retorting. 


(2) Develop slurry that can accommodate a maximum amount of spent 
shale and low quality water, 


(3) Investigate techniques for emplacing the grout and sealing the 

retorts. 


(4) Develop a retort cooling process whereby sensible heat can be 
recovered and the residual rubble will have properties amenable to 
grouting. 

(5) Prepare a full scale field test program to evaluate the optimum 
combination of cooling procedures, grout and emplacement techniques. 


U. S. Department of Energy 
Bartlesville Energy Technology Center 


The injection of wastes into deep underground formations is the most 
economical method for disposal of liquid wastes that are not amenable to 
surface treatment. Operating costs are lower for pretreatment and sub- 
surface disposal than for surface treatment systems, and plant area re- 
quirements are less. Chemical treatment is minimal, and generally the only 
physical treatment required for underground injection is filtration. This 
report presents a broad view of modern industrial underground waste in- 
jection systems and their operations. The types of wastes being Injected 
and the major features of equipment, geologic formations, and well operation 
are described . 

The petroleum industry has been injecting fluids into subsurface for- 
mations for many years; therefore, many of the techniques and much of the 
equipment for handling industrial liquid wastes are already available for 
industrial waste disposal or can be modified to meet the specialized re- 
quirements. The techniques for drilling and completing the disposal wells 
have been perfected, and the equipment to do it is in service. Similarly, 
the behavior of fluid flow through porous rocks and unconsolidated sand has 
been investigated; therefore, many of the theories and equations describing 
the fluid distributions have been proved. Modification may, however, be 
needed to make them applicable to waste injection systems and to describe 
the radial chromatographic properties of the injected wastes constituents. 

A subsurface disposal system can be successful only if a porous, 
permeable, formation of wide areal extent is available at sufficient depth 
to ensure safety in storage and retension of the injected fluids. The wastes 
usually are treated for solids removal and compatibility with the formation. 
An impermeable zone, such as shale or evaporite, must overlie the injection 
horizon to prevent vertical migration of the waste or displaced formation 
brines into low-salinity aquifers above the disposal zone. 

General principles of design and construction are applicable to all 
subsurface injection systems; therefore, this report is presented in three 
parts. First the general technology of subsurface disposal systems is pre- 
sented with notations on cost; second, the general geology of the United 
States is discussed with reference to subsurface waste disposal; and third, 
detailed discussions are presented on disposal systems that illustrate par- 
ticular design and operating features. 
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ABSTRACT 


Fossil fuel processing research facilities must comply with federal and 
state requlatory standards. This paper summarizes the research effort in 
effect at Ihe Larame Energy Technology Center and 

pertaining to control technology for process waters associated with in situ 
Sll shale processing. In addition, the experimental sites provide control 
needs and then design and demonstrate control measures as each technology 
approaches commercialization. 


INTRODUCTION 


The Laramie Energy Technology Center (LETC) is primarily responsible for 
the development of in situ recovery technologies related to such alternate 
fossil fuel resources as oil shale, coal, and tar sands. Advancing in situ 
technologies to commercial practicability involves a progression of field 
experiments through which the engineering, environmental, and economic issues 
can be explored and resolved. In 1977, legislation was passed requiring 
federal facilities to comply with federal, state, and local regulations and 
standards when conducting field experiments. Environmental efforts at LETC 
address compliance requirements at field sites and generate information that 
can be transferred to industry and environmental regulatory agencies as in 
situ technologies approach commercialization. This paper will illustrate, 
through specific examples, the development of control technology in conjunc- 
tion with compliance requirements. 


BACKGROUND 


The goals of the environmental effort at LETC are (1) to identify, 
quantify, assess, and reduce to within acceptable levels any adverse environ- 
mental impact that may result from in situ fossil fuel processing field 
experiments conducted by LETC and (2) to accelerate the acquisition and 
application of environmental and compliance data related to in situ fossil 
fuel processing so as to move the technologies towards commercial ization. 

The development of in situ processing technology is primarily 
accomplished through a schedule of field experiments. Environmental research 



FIGURE 1. LETC ENVIRONMENTAL ACTIVITIES 


















coordinated and integrated use of every tieia experiment to lurtner uotn 
process and environmental RD&D efforts. In many instances, environmental work 
is conducted outside of the field activity (e.g. , laboratory, review, or 
assessment work). Nevertheless, under the LETC approach such work is either 
derived from or oriented towards a field activity. 

The general approach for the environmental activity at LETC is shown in 
Figure 1. This diagram illustrates the primary areas (in boxes) associated 
with various stages of environmental activity as it progresses from planning, 
through R&D, to implementation, and review. These stages are iterated to 
account for the changing implementation focus as it progresses from pilot 
plant facilities to commercial operations. Within this framework, all 
subjects of environmental concern are addressed, including potential air, 
water, land, ecologic, socioeconomic, occupational, and aesthetic impacts. 

It should be evident from Figure 1 that the scope of environmental work 
at LETC is quite broad. LETC in house field activities are also numerous, 
with projects currently in progress near Bonanza, Utah and Rock Springs, 
Wyoming (oil shale), Hanna, Wyoming (underground coal gasification), and 
Vernal, Utah (tar sands). To more effectively illustrate the inter- 
relationship of compliance activities related to field projects with other 
environmental efforts, specific subjects have been selected; namely, the Rock 
Springs experimental in situ oil shale facility and control technology for in 
situ oil shale process waters. Water-related problems are pertinent to all in 
situ technologies from both regulatory and research points of view. Thus, 
this discussion will address a significant subject in some detail, while at 
the same time it will serve to illustrate the LETC approach of coordinating 
and integrating process and environmental research at the field level for all 
technologies. A summary of environmental research conducted by LETC for in 
situ oil shale processing, which includes reference to process data, has 
recently been published (1). 


DISCUSSION OF CONTROL TECHNOLOGY FOR PROCESS WATERS 


In this paper the term "process water" refers to all contaminated waters 
originating in conjunction with the in situ oil shale process. Process waters 
are derived from the following primary sources: (a) water formed as a byproduct 
of the combustion of organic matter in oil shale, (b) water released by dehydra- 
tion of oil shale minerals, and (c) native groundwater associated with or 
intruding into the retorting zone (1). As a result of their intimate 
association with the retorting process, these waters become heavily laden with 
both organic and inorganic constituents. A summary of water quality parameters 
for process waters derived from both simulated and true in situ retorts is 
presented in Table 1 (2). This table indicates that process waters 
nrnlnirr^p 1 ^ ^ a ^aline ar| d contain high levels of solids and dissolved 
biXrh^J ^ + lnor 9 anic . con stituents include ammonia, ammonium, 

oroanic const magnesi ^> sodium, and various sulfur species. The 
s are primarily polar in nature, with carboxylic acids 


Parameter 


Range 


Average 


Best Value 0 


Alkalinity, total {mg/fi CaC0 3 ) 

18,200 

110,900 


16,200 ± 480 

Aluminum 

0.041 

16.6 


<0.03 - 19.1 

Arsenic 

0.46 

10 

1.8 

1.0 ± 0.2 

Barium 

0.002 

0.47 

0.07 

0.71 ± 0.33 

BeryHium 

<0.001 

<0.001 


<0.006 

Bicarbonate, mg/C HCO" 3 

4,200 

73,640 


15,940 

Biochemical oxygen demand, 5-day 

350 

5,500 


740 

Bromine 

<0.001 

1.94 

0.082 

2.4 ± .4 

Cadmium 

<0.001 

0.005 


0.0016 ± 0.0008 

Calcium 

0.0 

94 

7.6 

12 ± 4 

Carbon, inorganic, mg-C/C 

1960 

19,200 

7,500 

3340 ± 390 

Carbon, organic, mg-C/C 

2,200 

19,000 

4,700 

1003 ± 192 

Carbonate, mg-CO“ 3 / c 

0.0 

16,210 


500 

Chemical oxygen demand 

8,500 

43,000 

18,500 

8100 ± 5700 

Chlorine 

0.007 

1910 


824 ± 61 

Chromium 

0.009 

0.0B 

0.015 

0.02 ± 4% 

Cobalt 

0.002 

0.65 

0.12 

0.030 ± 0.012 

Conductivity, /imhos/cm 

15,100 

193,000 

31,000 

20,400 ± 3840 

Copper 

0.003 

160 

0.019 

0.10 ± 0.04 

Fluoride 

0.1 

270 


60 ± 9 

Hardness 

20 

1,500 

88 

110 

Iodine 

<0.001 

1.3 


0.59 ± 0.30 

Iron 

0.091 

77 

7.6 

1.2 ± 0.3 

Lead 

0.002 

0.83 


0.0045 - 0.02 

Lithium 

<0.001 

7.1 

0.70 

0.18 - 0.8 

Magnesium 

3.2 

350 

22 

20 ± 6 

Manganese 

0.001 

0.39 

0.099 

0.09 ± 0.04 

Mercury 

<0.001 

0.39 


0.0003 - 0.021 

Molybdenum 

0.033 

1.2 


0.60 ± 0.07 

Nickel 

0.014 

2.6 


0.06 ± 0.02 

Nitrogen, ammonia, mg-NH 3 -N/C 

1,700 

13,200 

7,000 

3795 ± 390 

Nitrogen, ammonium, mg-NHVN/C 

930 

24,450 

1 0,000 

3470 ± 830 

Nitrogen, nitrate, mg-N0 3 -N/C 

1.4 

8.7 


0.17 

Nitrogen, organic, mg-N/C 

73.3 

1510 


148 - 630 

Nitrogen, Kjeldahl, mg-N/C 

6,600 

19,500 


3420 ± 420 

Oil onri grease 

3,800 

3,800 


580 

pH 

8.1 

9,4 

8.7 

8.65 ± 0.26 

Phenols 

2.2 

169 


60 ± 30 

Phosphorus 

0.23 

19.0 

1.25 

3.2 ± 2.6 

Potassium 

8 

120 

37 

47 + 9 

Selenium 

<0.001 

1.7 


0.21 ± 0.11 

Silver 

<0.001 

0.23 


0.003 ± 0.001 

Sodium 

46 

1600 

320 

4333 ± 244 

Solids, dissolved 

1,750 

24,500 

6,800 

14,210 ± 193 

Solids, total 

6,350 

121,000 


14,210 ± 120 

Solids, volatile 

2,070 

119,300 


1990 ± 250 

Sulfur, sulfate, rng-SQ* /C 

42 

2,200 

1,400 

Sulfur, sulfide, mg-S“/C 

0.0 

156 


0.0 

Sulfur, total, mg-S/C 

14 

2320 


2300 

Uranium 

0.018 

93 


0.55 ± 0.07 

Vanadium 

0.004 

>190 

0.27 

0.12 ± 0.01 

Zinc 

0.020 

15.1 

0.28 

0.31 ± 0.04 


“Selected values taken from reference (2). This reference should be referred to for discussions pertinent to each value 
given above . 

b The ranfle given Is based on the analysis of up to 18 different waters obtained from 4 simulated in situ oil shale retorts. 

An average value is given only if 15 or more waters were available. 
c Best values determined by a statistical technique In the analysis of results obtained from a multilaboratory, multimethod 
survey of the Omega*9 sample. 


field 1 n S1LU expenmeu^, 

The n,. antitv of D rocess waters produced during in situ oil shale process- 
i„g il dependert upon several factors, including the mineral content of the 
oil hale !he volume of groundwater present or seeping into the retorting 
zone the’duration and areal extent of the burn, the amount of organic 
“soiree combusted during retorting, and the amount of injected water (1). 

The ratio of process water to oil produced at the surface during field 
experiments has been noted to vary from 0.4 to 22.2 1). The minimum volume 

of surface-produced process water derived from in situ processing is estimated 
to be near the volume of oil produced (1). This minimum volume would amount 
to nearly 5,000 acre-feet of process water per year for every 100,000 barrels 
of shale oil produced per day. 


The preceding discussion establishes that low quality process waters 
originating from the in situ process will have both a surface and a subsurface 
disposition, both of which pose potentials for environmental contact. The 
intrusion of groundwaters into retorted zones and their subsequent contamina- 
tion is another source of possible subsurface disturbance. The goal of process 
water-related control technology research at LETC is to demonstrate, in conjunc- 
tion with all applicable compliance criteria, techniques for the effective 
control and, where practical, utilization of both surface- and subsurface- 
released aqueous effluents so as to mitigate any undesirable environmental 
effects. The achievement of this goal is prerequisite to the establishment of 
a full-scale, commercial in situ oil shale processing industry. Figure 2 
illustrates the steps required and the approach being followed by LETC to 
achieve the goal of control technology for in situ process waters. This 
figure is largely self-explanatory, and the remainder of this section will be 
devoted to a discussion of some of the concepts illustrated. 1 


It should first be noted that two primary efforts are being conducted 
simultaneously; namely, the control of process waters associated with surface 
and subsurface release. Although not diagrammatical ly illustrated in Figure 
2, many of the work elements provide data and results common to both pursuits 
(e.g., site monitoring, process water balance determinations, and possible 
utilization of surface produced waters for subsurface applications, such as 
steam injection). The determination of appropriate or necessary control, 
treatment, or utilization options for water released at either the surface or 
in the subsurface logically precedes systems engineering design efforts. In 
this program, such a determination is based on two primary inputs. The first 
input is obtained from examining current or anticipated compliance requirements 
related to released process waters. The initiating role that compliance 


1 Reference (1) provides key references to work published up to 1978 in the 
subject areas indicated. Subsequent citations or additional technical 
information may be obtained from the authors. 



FIGURE 2. FLOW CHART OF CONTROL TECHNOLOGY 
FOR IN SITU PROCESS WATERS 
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design, there is scope for progressive 
regulations as our knowledge of process 


improvement and refinement of these 
water impacts and mitigation options 


i ncreases. 


The second primary input in determining control requirements and options 
is based on findings and recommendations from research specifically designed 
to identify impacts resulting from released process waters. Characterization 
of the constituents in process waters, assessment of the biological effects of 
process waters, and determination of the migration potential, transport, and 
fate of process water constituents through site monitoring and laboratory 
experiments all represent this type of research. 


Considering the ever increasing demands on the limited water resources of 
the semi-arid oil shale-bearing regions of the West, water produced during in 
situ processing in itself should be considered as a potentially valuable 
commodity. The possible use of process waters for both on- and off-site 
purposes is therefore given considerable attention early in the development of 
unit and process train treatment systems. At this time the most probable uses 
for excess process waters are related to steam reinjection, site steam genera- 
tion, heat exchanger and cooling water, and land applications, such as for 
irrigation during revegetation and rehabilitation of sites. Economic 
considerations should include consideration of solute recovery from the 
process waters during treatment as a means of offsetting treatment costs. 


An inevitable consequence of any treatment procedure is that a concentra- 
tion of residuals will be removed from the influent stream. The development 
of acceptable options for the disposal and/or use of such residuals is 
considered to be a fundamental part of the overall development of an 
acceptable treatment system. The multiplicity of potential uses and the 
rather unique compositional characteristics of process waters considerably 
limit the applicability of existing water treatment technologies to process 
water treatment needs. It is therefore necessary that a variety of treatment 
methodologies -- spanningprimary, secondary, and tertiary treatment by 
physical, chemical, and biological means — must be explored simultaneously to 
determine their capability for handling these type waters. There is currently 
a broad effort under way in this area (1). In the meantime, field experiments 
will continue to produce excess effluents. A temporary measure available now 
is to contain such waters until functioning treatment systems are in place. 
Also, evaporation ponds established at field sites offer excellent opportuni- 
ties to study ponding practices. 


An assessment of the impact that subsurface released process waters and 
leachates from retorted zones may have on groundwater quality is an active 

dPtPrmiJl ° bjectlva at , f7e l d sit( r s • Should groundwater quality changes be 
wnniH h o e +n aS ^ ro °? nd persistent, then the obvious mitigation procedure 

a?anhi? nthf Ct P rocess7ng sites where the hydrologic, strati- 

or dearadati^ h !L?H n h lderatl0 I )S J WOUld be such that groundwater disturbance 
amount of avaiiahio 6 Prevented. . However, this recourse would limit the 

for mitinatinn nmimH 65 ? Urc ®‘ 1S therefore necessary that other options 
9 9 9 wa er impacts be explored. Methods for the containment 


The starting point, and the final proving ground, for process water 
control technology development is in the field environment. It is here that 
relevant water samples, containing all the variances imposed by the process, 
are obtained. It is in this environment that the dynamic factors (migration, 
bioavailability, ecological effects, utilization options) are at work. Thus, 
it is at these locations where the control technology must first be 
demonstrated. 


DISCUSSION OF WATER-RELATED COMPLIANCE REQUIREMENTS 


Now that some important dimensions of process water control technology 
have been discussed, it is necessary to examine the legal and regulatory 
structure within which such processes must function. This section will 
examine both Federal and Wyoming environmental laws and regulations that 
impinge upon the implementation of in situ processing technologies involving 
both surface and subsurface water. 

Laws and regulations apply to air pollution, water pollution, land 
reclamation, toxic substances, solid waste, occupational safety, health, and 
many other aspects of in situ processing. As noted earlier, we will address 
environmental regulations as they apply to surface and subsurface water. 

Surface Waters 


The Federal Water Pollution Control Act (FWPCA) (3) established goals to 
eliminate discharge of pollutants into navigable waters by 1985 (4); to 
achieve interim goals of water quality which provides for the protection and 
propagation of fish, shellfish, and wildlife (5); and to prohibit discharge of 
toxic pollutants (6). In order to achieve these goals, industrial facilities 
can be regulated through three different mechanisms — standards are 
established for maintenance of the quality of receiving waters; standards of 
performance can be established for specific classes of emission sources; and 
standards can be established for specific toxic pollutants. 

Standards Based on Quality of Receiving Water 

The FWPCA bases effluent limitations on water quality of the receiving 
water: 

Whenever. . . discharges of pollutants from a point source 
or group of point sources . . . would interfere with the 
attainment or maintenance of that water quality in a specific 
portion of the navigable waters which shall assure protection 
and propagation of a balanced population of shellfish, fish, 
and wildlife, and allow recreational activities in and on the 
water, effluent limitations (including alternative effluent 
control strategies) for such point source or sources shall 
be established which can reasonably be expected to contri- 
bute to the attainment or maintenance of such water quality (7). 


Standards of Performance for New Effluen t or Emission Source s 


In addition to effluent regulations based upon the quality of receiving 
waters the FWPCA orders EPA to establish "National Standards of Performance" 
for new effluent or emission sources in 27 different industries. Standards 
of Performance" are defined as: 

...a standard for the control of the discharge of pollutants which 
reflects the greatest degree of effluent reduction which the 
Administrator of EPA determines to be achievable through the 
application of the best available demonstrated control technology, 
process, operating methods, or other alternatives, including, where 
practicable, a standard permitting no discharge of pollutants (8). 

In establishing standards of performance, the EPA administrator will take into 
account the cost of achieving effluent reduction, non-water quality 
environmental impact, and energy requirements (9). 

After standards of performance are promulgated, it will be unlawful for 
any owner or operator of any new effluent or emission source to operate the 
new source in violation of any standard of performance applicable to such 
source (10). Regulations are now in existence for more than 40 different 
industries. Oil shale, of course, is not specifically regulated at this time. 

Standards for Toxic Pollutants . 

The FWPCA also mandates that the EPA administrator must maintain a list 
of toxic pollutants (11). Each toxic pollutant listed is subject to effluent 
limitations resulting from the application of the best available technology 
economically achievable for the applicable category or class of point sources 
(12). Criteria for best available technology economically achievable shall 
include characteristics of pollutants (chemical, physical, and biological), 
amounts, and the degree of effluent reduction attainable through the 
application of the best control measures and practices achievable, including 
treatment techniques, process and procedure innovations, and operating 
methods. 

Section 307.(7) of the FWPCA also states, "Prior to publishing any 
regulations (establishing best available technology economically achievable), 
the EPA should consult with appropriate advisory committees, states, 
independent experts, and federal departments and agencies." Emerging 
technologies such as in situ oil shale processing should be prepared to make 
informed input to EPA. 

If discharges meet the criteria established for (a) receiving waters, (b) 
best available control technology economically achievable for the applicable 
industry or (c) toxic pollutants, the EPA or state regulatory agency to which 
the authority has been granted may issue a permit for the discharge of any 
pollutant. The permit is a National Pollution Discharge Elimination System 
(NPDES) permit (13). 
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water quality of the receiving water. While performance standards are subject 
to research, existing field facilities must comply with regulations designed 
to protect the quality of the receiving body of water. 

Each state was given the opportunity to adopt water quality standards for 
the water of its state. Wyoming defines its water to include both surface and 
subsurface waters. The EPA has approved Wyoming's surface water quality 
standards and allows Wyoming to enforce the National Pollution Discharge 
Elimination System's permit system. In addition to surface water quality 
standards, standrads for pollution of groundwaters are being proposed in 
Wyoming. 

In Wyoming the law prohibits any person, except when authorized by a 
permit, to alter the physical, chemical, radiological, biological, or 
bacteriological properties of any waters (14). The Wyoming act also forbids 
construction of any facility capable of causing or contributing to pollution. 
While standards of performance do not exist for the oil shale industry, LETC 
research facilities must comply with regulations based upon water quality for 
receiving waters. Hence, extensive data must be obtained for compliance 
purposes. 


Subsurface Waters 


Regulation of subsurface water pollution is rapidly developing. Wyoming 
recently proposed water quality criteria for seven classes of water. Contam- 
ination of subsurface water will then fall under their permitting system. 
Wyoming intends to maintain the physical, chemical, radiological, biological, 
and bacteriological properties of its subsurface waters. Consequently, in 
situ industries must be able to prevent contamination or restore water to its 
original condition. 

Regulations promulgated under the Safe Drinking Water Act (15) will 
require State underground injection control (UIC) programs to prevent under- 
ground injection which endangers drinking water sources (16). Critical to the 
in situ oil shale industry will be definitions of "underground drinking water 
sources" and "underground injection." 

The Act defined underground injection as the subsurface placement of 
fluids by well injection (17). Proposed definitions (18) defined well 
injection as "subsurface emplacement through a bored, drilled, or driven 
well." The proposal also defined an underground drinking water source as "any 
underground source with a level of total dissolved solids of 10,000 mg/1 or 
less" (19). 

The "regulations may not interfere with or impede (a) the underground 
injection of brine or other fluids which are brought to the surface in 
connection with oil or natural gas production, or (b) any underground 
injection for the secondary or tertiary recovery of oil or natural gas, unless 
such requirements are essential to assure that underground sources of drinking 
water will not be endangered by such injection" (20). 


program may designate one ur muic — • _ • 

which have a total dissolved solids level below 10,000 mg/1 which will not be 
protected because they are oil producing, are severely contaminated or located 
in such a way that use as drinking water is impracticable (21). 


Subsurface water quality standards will be extremely important to in situ 
oil shale development. The selection of in situ processing sites so that they 
do not interfere with subsurface waters or the development of restoration 
methods for such waters to their original quality are important considerations 
for control technology. 


EXAMPLE PROJECTS INTEGRAL TO COMPLIANCE AND CONTROL 


The previous discussion points out that there are federal and state 
regulations on water quality standards for both surface- and subsurface- 
produced aqueous effluents to which a potential in situ oil shale processing 
industry must adhere. Also field experiments must comply with all applicable 
regulations and meet established criteria for water control. In the absence 
of rigorously defined techniques and systems to control and simultaneously 
utilize produced waters, field experiments must employ certain expediencies 
which are acceptable under the law. An example of this is the use of contain- 
ment and evaporation ponds constructed in accordance with state regulations 
and guidelines. While limited at this time in terms of employing sophisticated 
control technology capabilities at field sites, such sites do nevertheless 
offer prime opportunities for developing and demonstrating such capabilities. 
Despite of current limitations in applied control technology, field experiments 
can be conducted so as to meet applicable compliance criteria. The use of an 
evaporation pond serves to illustrate this point. 

An evaporation pond will be used for disposal of process waters during 
operations at Rock Springs Site 12 (scheduled for operation in November 1978). 
This pond was designed to contain 100,000 gallons of water, was constructed in 
accordance with Wyoming Division of Environmental Quality (DEQ) guidelines for 
wastewater ponds, and required a permit from that agency. With respect to 
monitoring, the state requires that a leak detection system be incorporated as 
a design feature of the pond. However, research activities which will be 
associated with this pond also will include monitoring and analysis of 
volatile emissions, measuring evaporation characteristics, analysis of surface 
layer materials, analysis of dissolved solutes and changes resulting from 
weathering and biological activity determination of the amount and content of 
residues, and monitoring solar radiation, wind speed, wind direction, and 
ambient temperature. In addition, studies of pond liner compatabi 1 ity with 
process waters and shale oil were performed prior to the selection of the 
liner used in the pond. These studies exceed those required by the state, but 
utilize the opportunity afforded by the pond to better define pond 
characteristics. _ The additional data to be obtained from the Rock Springs 
Site 12 evaporation pond will provide the first characterization of physical 
and chemical aspects associated with ponding of process waters. These data 


as a secnmentdi, ion step;, tnese additional data will augment our Knowledge or 
control procedures and options. 

Discussion of the environmental research related to acquiring an in situ 
mining permit from the Wyoming DEQ for operation of Rock Springs Site 12 will 
serve as another example of projects integral to both compliance with regulations 
and development of water control technology. The in situ mining permit requires 
evidence of specific plans to restore any disturbed aquifer so that the water 
quality is equal to or better than it was prior to the activity. Figure 2 
illustrates that, with respect to subsurface process waters, the ultimate 
objective is to demonstrate appropriate control so that no adverse 
environmental impact will occur. Three control approaches for achieving this 
are shown in the figure — site selection, aquifer restoration, and process 
containment. The current plan leading to aquifer restoration will be discussed 
after a few remarks pertaining to the other two approaches. 

The first approach is related to site selection criteria. The develop- 
ment of site selection criteria means that one must determine what type and to 
what degree subsurface environmental data are required in order to locate an 
in situ process where no groundwater impacts will occur even if ancillary 
subsurface control features are not used. It is possible that appropriate 
site selection would not require additional control of subsurface process 
waters if it could be established that there would be no contact between these 
waters and native groundwaters. Detailed hydrologic and geologic data may be 
required to determine such a finding. Specifically what data is required to 
allow for such site selection (including compliance data) is the focus of this 
approach. 

The second approach, development of containment options, entails defining 
ways of lessening any intermingling of subsurface process waters with resident 
groundwaters. Diversion of aquifers up-dip of retort zones might be one 
option to be considered in this approach. 

In the third approach, aquifer restoration, the present plan involves 
three interacting areas of activity. These are: site monitoring; solute 
leaching, transport, and interaction research; and field restoration trials. 

Each of these three activities will be discussed in turn. Site monitoring 
activities pertain to pre-operational , operational, and post-operational 
monitoring and analysis of subsurface waters located within, peripheral to, 
and at some distance from fracturing and in situ retorting experiments. 
Significant examples of this activity can be found in conjunction with Rock 
Springs Sites 4, 6, 9, and the current Site 12 operation (1). Post-operational 
monitoring of Site 4 has been in progress since this site was retorted in 
1969. Monitoring of backflood waters, a subject significant to the leaching 
of spent retorts, is a part of each of these site activities. The water 
monitoring program being conducted in conjunction with Site 12 was developed 
using knowledge gained in prior experiments and will serve as a focal point 
for overall assessment of subsurface migration phenomena resulting from in 
situ experiments conducted in the Rock Springs area. In order to facilitate 
this task, all relevant water quality data are assembled in a computer system 


At the same time, several studies are in progress dealing with the 
physical and chemical interactions associated with subsurface-produced water 
release and migration. Such studies include examinations of the leaching of 
retorted shale, the interaction of process waters with consolidated subsurface 
soils, sediments, and aquifer materials, and solute transformations in waters 
remaining or migrating from the retort zone. These studies are primarily 
oriented towards defining the mechanisms underlying phenomena observed during 
monitoring. This knowledge also will aid in the extrapolation of trends 
witnessed during monitoring activities to predict the ultimate probable fate 
and disposition of subsurface waters associated with in situ processing. 

The third activity essential to the aquifer restoration plan involves 
field trials at the Rock Springs area. The previously described activities 
will serve to quantify and model aquifer disturbances. This field activity 
will explore and test methods for correcting any such disturbances. A 
preliminary step is the evaluation and selection of procedures. Two options 
are currently under consideration. One is to seal the retorted zone to prevent 
future contact between groundwaters and spent shale, and thus eliminate possible 
contamination through leaching. A project has been initiated in this regard 
which will select and test possible sealing agents (grout, cement, polymers, 
etc.) (22). One limitation of this option is that it does not address the 
question of process waters which may have been released during the course of 
retorting. Another option is to recover the process/groundwater eminating 
from the retort area and to treat such water at the surface to a degree 
suitable for reinjection into the retort zone. There is currently some 
evidence to suggest that a few cycles of this type would be sufficient to 
remove Teachable materials from the retorted shale surface (22). This option 
would appear to be economically more attractive than the first option, 
especially since it uses treatment facilities which will be in place to treat 
surface-produced waters and because it may be relatively easy to equal or 
improve the quality of groundwaters (particularly at Rock Springs) through a 
treatment scheme. 

As soon as sufficient data are available to decide which of the two 
options discussed is the more attractive, current plans call for testing the 
techniques at selected field sites. Use of the Rock Springs sites will' take 
maximum advantage of the extensive site-specific data previously gathered 
during earlier activities (e.g. , monitoring, transport and interaction 
research, and backflood water analysis). The efficacy of the option being 
tested could be determined largely through the use of existing monitoring 
wells. Following evaluation of the first field trial, a second, and more 
exacting, control experiment is planned. The second experiment is to be 
executed during 1981 at Site 12. An accelerated effort will be needed to 
achieve these field experiments. The goal is to demonstrate the selected 
aquifer restoration technique at Site 12 which will serve to advance our 
capabilities of subsurface process water control and will also serve to 
fulfill DEQ requirements for Site 12 as stipulated in the in situ mining 
permit. Such capabilities will then be available for application to other 
sites. 


Figure 2 related to biological effects research. Biological subjects being 
studied at LETC encompass terrestrial (plants and microorganisms), aquatic, 
and animal systems (1). The animal studies are primarily concerned with 
examining the health risks of occupational exposure to process waters that may 
be accidentally encountered at field sites or in the laboratory. The 
terrestrial, aquatic, and animal studies were initiated to fulfill two needs. 

The first need was to determine the impacts, if any, of process waters 
associated with LETC in situ processing field experiments on the local 
ecosystems and their components. This need was raised in the Environmental 
Assessment prepared for LETC field projects (24) in accordance with 
regulations established under the National Environmental Policy Act (NEPA). 
Biological impacts likely to occur as a result of failure of a containment or 
evaporation pond typifies the kinds of concerns raised in the Environmental 
Assessment. 

The second need was to obtain information that would assist in the 
development of control technology for process waters. The control of process 
waters, particularly those produced at the surface, is primarily based on the 
development of treatment systems capable of upgrading the quality of the 
waters to a level satisfactory for their intended end use. It is therefore 
necessary to determine possible end uses of water along with the development 
of treatment systems. As previously mentioned, excess waters produced during 
in situ processing should be considered as a commodity. A potentially 
valuable use of excess waters would be for land applications, such as for 
agricultural irrigation or for revegetation of disturbed sites. If this 
application is to be pursued, then it is necessary to determine the level of 
treatment required in order to produce a water acceptable for land application. 
Characterization of constituents in treated and untreated waters and evaluation 
of legal restrictions on the quality of waters intended for surface disposal 
are two activities which help to determine required treatment levels. Screening 
the response of potential target organisms to process waters at various stages 
of treatment is a third activity being conducted at LETC to assist in the 
definition of treatment requirements. Through such biological screening 
studies, it is possible to determine what solutes or fractions in process 
waters are primarily responsible for adverse effects. Once this is determined, 
the capability of treatment methods to remove these materials can be considered. 
The final evaluation of the efficacy of the selected treatment procedure can 
also be tested through biological screening studies. In this manner, the 
biological screening work at LETC assists in determining treatment requirements 
and in assessing treatment procedures for waters potentially to be disposed of 
in land applications. Biological studies pursued for this purpose are deemed 
to be as integral to the overall development of control technology as the 
analytical characterization studies. 


SUMMARY AND CONCLUSIONS 


There are federal and state regulations on surface and subsurface water 
pollution. Emerging in situ fossil fuel technologies must be cognizant of 
these and develop process water control measures to insure compliance. 
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Energy Technology Center to use in house field activities for advancement of 
process water control technology while insuring compliance with regulations. 


REFERENCES 


1. D. S. Farrier, J. E. Virgona, T. E. Phillips, and R. E. Poulson, 
"Environmental Research for In Situ Oil Shale Processing," 

Proceedings of the 11th Oil Shale Symposium, Colorado School 

of Mines Press, 1978. 

2. 0. P. Fox, D. S. Farrier, and R. E. Poulson, "Chemical Characterization 
and Analytical Considerations for an In Situ Oil Shale Process Water," 
Dept, of Energy, Laramie Energy Technology Center Report of 
Investigations, (in press), 1978. 

3. Federal Water Pollution Control Act of June 30, 1948, C. 758, as amended 
by P. L. 92-500; P. L. 93-207, December 28, 1973; P. L. 93-243, 

January 2, 1974; P. L. 93-611, January 2, 1975; P. L. 94-238, 

90 Stat. 250, March 23, 1976; and by P. L. 95-217, 91 Stat. 1566, 
December 27, 1977. 


4. Id. at Sec. 101 (a) (1). 

5. Id. at Sec. 101 (a) (2). 

6. Id. at Sec. 101 (a) (3). 

7. Id. at Sec. 302. 

8. Id. at Sec. 306. 

9. Id. at Sec. 306 (b) (1) (B). 

10. Jki. at Sec. 306 (e). 

11. Id. at Sec. 306 (a) (1). 

12. Id. at Sec. 307 (a) (2). 

13. Id. at Sec. 402. 


14. Wyo. Stat. Sec. 35-11-301, (1977). 

15. Safe Drinking Water Act of December 16, 1974, 42 U.S.Code 300f. 

16. Id. at Sec. 1421 (b) (1). 


19. Id. at Sec. 146.2 (g) 

20. 42 U. S. Code 300h. 

21. State Underground Injection Control Program, Sec 146.11 (a), 

41 FR 36738 (1976). 

22. "Control Technology for In Situ Oil Shale Retorts," Work Plan for 
the Period June 1, 1978 to Sept. 30, 1981, U.S. Dept, of Energy, 

Division of Environmental Control Technology, Contract No. W-7405-ENG-48. 

23. G. L. Amy, "Contamination of Groundwater by Organic Pollutants Leached 
from In Situ Spent Shale," Ph.D. Dissertation, Univ. of California, 
Berkeley, CA, 1978. 

24. "Environmental Assessment - Oil Shale In Situ Processing Research 

Projects for Laramie Energy Technology Center, Rock Springs, 

Sweetwater County, Wyoming, and Laramie, Albany County, Wyoming," 

Dept, of Energy, Laramie Energy Technology Center; draft of Sept. 1978. 


INTRODUCTION 


Wastewater can be generated by several different sources within a shale oil 
recovery facility. The volume and quality of the wastewater from a particular 
source is dependent on the location and characteristics of the oil shale pro- 
cessed and on the type and size of recovery system used. The pollution poten- 
tial may be high as in the case of retort water, or low as in the case of ir- 
rigation quality groundwater pumped from a mining area. Inclusion of an up- 
grading facility at a shale oil recovery complex will also impact the volume and 
quality of wastewater generated. Above-ground retorting facilities may reuse 
all of the wastewater streams available for moisturizing spent shale, although 
this is not necessary for all processes. Since moisturizing of subsurface spent 
shale is not required for in situ operations, wastewater may be discharged at 
these sites. However, modified in situ operations could use wastewater for 
moisturizing spent shale if shale mined from the in situ zones is retorted at 
the surface. In situ operations generate retort water in approximately the same 
volume as that of the crude oil produced. Therefore, a 50,000 barrel per day in 
situ facility would generate about 2 million gallons (16,000 m^) of retort water 
per day. By comparison, an above-ground retort may generate only 200,000 gal- 
lons (1 ,600 m3) of retort water per day at the same level of oil production. 

This paper addresses studies undertaken at Pacific Northwest Laboratory to assess 
current technology for the treatment and disposal of shale oil wastewaters to 
maintain acceptable water quality levels in the receiving waters of the oil shale 
regions presently under development. Although the shale oil industry is largely 
in the pilot plant/demonstration phase, the codevelopment of adequate wastewater 
control technology is necessary for several reasons: 1) prevent environmental 
damage as a result of the pilot plant/demonstration operations themselves; 2) 
control techniques may produce water which can be reused in the production pro- 
cess and this should be taken into account in the design of full-scale facil- 
ities; 3) adequacy of control technology should be fully assessed at an early 
stage to obviate delays and problems in construction and/or operation of full- 
scale production facilities; and 4) characterization of effluent discharges from 
pilot pi ant/demonstration operations will facilitate other environmental and 
health assessments. The major oil shale deposits in the United States are 
located in Colorado, Wyoming, and Utah. Therefore, developers of the shale oil 
industry must be fully cognizant of the importance of conservation of the 
limited water supplies in this area. 

LAND DISPOSAL 

Land disposal of wastewater utilizes interactions between plants and the soil 
surface and matrix to achieve pollutant removal as the wastewater flows to the 
receiving water. Passage of the Federal Water Pollution Control Act PL 92-500 
has focused attention on land disposal of wastewater as an alternative to be 
considered for complying with zero discharge requirements slated for 1985. Land 


TREATMENT ASPECTS 


Pol 1 utant Removal Mechanisms 


Removal of wastewater constituents is accomplished by physical, chemical, and 
biological processes with numerous and complex interactions occurring between 
these processes. The physical process of filtration provides the removal mech- 
anism for suspended particulate matter in the wastewater. Soil and root micro- 
organisms are responsible for biological degradation of numerous wastewater 
constituents. Both organic and in-organic compounds are broken down and/or 
utilized for metabolism by these microorganisms. Chemical processes, such as 
precipitation, ion exchange, oxidation and reduction, may occur to remove many 
inorganic and some organic substances. Precipitation of heavy metals, for 
example, is primarily responsible for removal of these constituents in soil, 
although ion exchange may be a contributing factor. 

Land Application Methods 

Existing land treatment facilities can be classified according to two different 
basic design patterns based on differences in liquid loading rates, land area 
requirements, and the interaction of the wastewater with vegetation and soil. 

The first method, infiltration, uses soil as purification medium while the 
second, overland flow, uses the land surface as the purification medium. In- 
filtration is further divided into two categories, irrigation and infiltration- 
percolation, which typically involve low and high rates of application, respec- 
tively. 

Irrigation is the most common method of wastewater application. This is gen- 
erally accomplished by sprinkler or spray methods. In areas where irrigation 
water is scarce, the system is managed to provide the maximum return from a 
crop, whereas in areas of sufficient water supply, criteria allowing maximum 
hydraulic loading are followed. Revenue realized from a crop is used to defray 
operating costs so deciding whether the system is to produce crops or treat 
effluent is important. Controlling soil salts is vital for plant growth to 
prevent buildup of toxic concentrations. This is accomplished by managing the 
wastewater salt concentrations and the rates of application. 

Care must be taken to avoid overloading the system which prevents further infil- 
tration of the applied wastewater. The soil can become clogged and the for- 
mation of shallow ponds can occur resulting in anaerobic conditions. Anaerobic 
bacteria can create slimes of incompletely degraded organic matter and particu- 
lates which are effective soil surface sealants. Other factors that can cause 
clogging are: 1) compaction from heavy weight; 2) the movement of fine grains 
of soil down from the upper zones; and 3) the formation of insoluble compounds 
from reactions between wastewater constituents and soil water and/or minerals. 


when investigating the applicability ot land treatment ana aisposai Tor a par- 
ticular wastewater. The general criteria for judging the suitability of a 
wastewater for land disposal are given below: 

1. The organic material must be biologically degradable at reasonable rates. 

2. It must not contain materials in concentrations toxic to soil microorganisms. 
Since some toxic materials may accumulate through adsorption or ion ex- 
change and approach toxic levels after prolonged operation, there must be 
reasonable assurance that this effect can either be prevented or mitigated. 

3. It must not contain substances that will adversely affect the quality of 
the underlying groundwater. In many instances, decisions relative to this 
aspect of land disposal systems are difficult because of the uncertain 
nature of available estimating techniques. 

4. It must not contain substances that cause deleterious changes to the soil 
structure, especially its infiltration, percolation, and aeration charac- 
teristics. An imbalance of sodium ion is a common problem in this regard. 

Characteristics relevant to land disposal are presented for a number of differ- 
ent retort waters in Table 1 . 0 ) All of the retort waters, except that from the 
Utah in situ test site, are from simulated in situ retorts at the Laramie Energy 
Research Center and the Lawrence Livermore Laboratory. 

High salinity commonly found in the retort water would be toxic to most cover 
crops. Waters having conductivities greater than 2,250 umhos/cm are considered 
unsuitable for irrigation in most cases. With the possible exception of one 
sample for which insufficient data are available (University of Southern Cali- 
fornia No. 1) none of the retort waters in Table 1 would be below 2,250 umhos/cm 
conductivity following ammonia removal by stripping. Steam stripping tests 
would be required to establish accurate conductivity values for the ammonia 
stripped water. 

Substances which could affect groundwater quality at a land disposal site re- 
ceiving retort water are listed below: 

• high salinity; 

• high nitrogen concentrations which yield nitrate on oxidation; and 

• refractory organics which are not oxidized or removed by the soil. 

The high salinity found in most retort waters would adversely affect drinking 
water quality groundwater if sufficient dilution were not available in the 
aquifer. A limit of 500 mg/1 is recommended for drinking water and this value 
is exceeded by more than 100% for all the retort waters listed in Table 1, even 
after steam stripping for ammonia removal. Furthermore, evaporation of water 
during irrigation and leaching of salts from the soil will add to the dissolved 
solids content of the retort water as it percolates to the groundwater. 


TABLE 1 . Retort Water Quality Data Pertinent to Land Disposal 
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Na + , mg/1 
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1,300 

1,200 

160 530 

960 

150 

K + , mg/1 
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70 

47 

70 23 

23 

21 

Mg +2 , mg/1 

3.2 
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140 

17 130 

350 

210 

Ca +2 , mg/1 

0.6 

9,8 

4.9 

4.9 27 

29 

35 

NH 3 -N [Includes NH 4 + ], mg/1 

14,200 
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13,500 

8,900 5,100 

4,800 

— 

Total Alkalinity, mg/1 CaC0 3 

40,800 

34,000 

47,000 

20,500 17,200 

13,900 

8,200 

Added Ca +2 ,< a} mg/1 

3,900 

1,420 

440 

4,460 400 

1,300 

— 

Cl“, mg/l 

5,000 

4,200 

3,200 

7,900 2,300 

4,600 

1,100 

S0 4 ' 2 , mg/l 

1,600 

1 ,600 

320 

2,100 380 

1,800 

1 ,400 

Total Na + , K + , Mg +2 , Ca +2 , Cl", S0 4 ‘ 2 , mg/l 

10,700 

8,880 

5,350 

14,700 3,790 

9,140 

3,736* 

Total Filterable Residue, 103°C, mg/l 

- 

— 

— 

— 

— 

— 

Total Organic Carbon, mg/l 
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3,880 

2,830 
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Biochemical Oxygen Demand, mg/l 

- 

- 

- 

- 

- 

- 
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— 
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**• 

-• 

— 
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ine L1vermore( c ) 1 
(4) 7 Ton Retort 

>2,250 
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K + , mg/l 

3.5 

- 

37 

28 

90 


Mg +2 , mg/l 

48.4 

16.4 

24 

2.3 

16 


Ca +2 , mg/l 

14.9 

4.6 

3.3 

1 .5 

<1 


NH 3 -N (Includes NH 4 + ), mg/l 

4,790 

-- 

8,360 

25,000 
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Total Alkalinity, mg/1 CaC0 3 

~ 

— 

38,000 

80,500 
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Added Ca +2 / a ^ mg/l 

- 

-- 


- 
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Cl", mg/l 

- 

1 ,560 

57 

- 
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S0 4 ‘ 2 , mg/l 

59 
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1 ,100 

— 

-- 


Total Na\ K + , Mg +2 , Ca +2 , Cl", S0 4 ‘ 2 , mg/l 

- 

-- 

1 ,900 

- 
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Total Filterable Residue, 103°C, mg/l 

-- 

— 

4,210 

- 

13,500 


Total Organic Carbon, mg/l 

3,182 

19,000 

4,980 

- 

-- 


Biochemical Oxygen Demand, mg/l 

5,500 

350 

5,330 

3,000 

3,400 


Chemical Oxygen Demand, mg/l 

Conductivity After NH 3 Stripping,^ 
umhos/cm 

20,000 

12,500 

8,800 

8,660 

3,800 (a) (b) * (d) 

8,200 


-- 


>2,250 

>2,250 



(a) Cs ? added as Ca(0H) 2 for ammonia stripping; Ca 2 mg/1 * (mg/1 NHq - N/14 mg/meq - mg/1 Total Alkallnlty/50 mg/meq) (20 mg/meq) 

(b) Conductivity assumed to exceed 2,250 umhos/cm when total ions exceed 1,200 mg/l. 

c Analysis by Pacific Northwest Laboratory, 

(d) NaOH added for stripping armonia; conductivity measured on steam stripped water adjusted to pH 7. 
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may dictate the land requirement to attain the desired nitrogen loading. The 
nitrate and organic -N content of retort water has not been determined on a 
sufficient number of samples to establish an average or range of values. 

Steam stripping of ammonia is more effectively accomplished at high pH levels. 
Stripping efficiency is reduced as neutrality is approached and becomes low for 
acidic solutions. Additional alkalinity in the form of lime is frequently added 
to maintain adequate pH levels. The addition of lime in the stripping process 
substitutes Ca +2 ion for ammonia ion which is beneficial from the standpoint of 
the ratio of Na + to Ca +2 plus Mg +2 . However, if considerable lime is required, 
the salinity of the steam stripped waste will be high due to the calcium salts 
present. The alkalinity deficit reported as added Ca +2 (lime) for steam strip- 
ping is given for most of the retort waters in Table 1. Removal of all the 
ammonia may not be required since some nitrogen will be required for vegetation 
growth and oxidation of the organic matter in the retort water. In addition to 
ammonia, nitrogen can be supplied by organic-nitrogen and nitrate-nitrogen in 
the retort water. 

The generally high ammonia levels in retort water would be expected to cause 
toxicity problems if not removed prior to disposal of the water to land. Al- 
though removal of the ammonia may be relatively costly, part or all of this cost 
may be recovered by marketing the ammonia. It is likely that steam stripping 
would be used to remove the ammonia since this process is well adapted to re- 
moval of high concentrations of ammonia from wastewater. Steam stripping is the 
standard industrial process used for removal of ammonia from coking liquors and 
petroleum refinery sour water. Sufficient alkalinity must be available in the 
retort water to allow conversion of NH 4 + ion to volatile NH 3 which is stripped 
by the steam passing counter-currently to the water in the stripping column. 
Alkalinity and ammonia data on only one retort water, Utah in situ test site, 
indicate sufficient alkalinity to steam strip the ammonia. Addition of alka- 
linity would probably be required for the other retort waters. The total al- 
kalinity reported for these waters cannot be considered an accurate guide, 
however since the end point pH for alkalinity titration may be well below pH 7. 
Ammonia stripping efficiency has not been adequately defined to date for asses- 
sing this aspect of land disposal. Furthermore, a pilot study may be required 
to accurately establish the optimal nitrogen loading. 

It is possible that some of the organic constituents in retort water will be 
resistant to oxidation and might eventually be leached into the groundwater 
causing some deterioration in the quality of the groundwater. A low BOD rela- 
tive to a COD could indicate a large fraction of the organic matter in the 
retort water is not readily biodegradable. Therefore, it is anticipated that 
low loading rates will be required to allow sufficient time for oxidation of the 
organics by the biota in the soil. The generally high organic content would 
appear to be the limiting factor on application rates of retort water to land 
rather than hydraulic characteristics. Furthermore, refractory organics which 
would not degrade even under low loading rates would leach through to ground- 
water. 
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which may cause problems. 

Substances which cause plugging of the soil commonly include sodium ion (when it 
is unbalanced with Ca +2 and Mg* 2 ) and suspended solids (nonbiodegradable) . 
Suspended solids can plug the pores of the soil through the process of filtra- 
tion, while sodium ion can cause dispersal of the clay particles in the soil 
thus sealing the pore structure. Currently, data are insufficient to evaluate 
the possible effect of suspended solids in retort water on land disposal, but at 
least part of the suspended matter in retort water is expected to be removed in 
the pretreatment steps for ammonia stripping to avoid fouling the stripping 
column. Air pollution from volatile organic constituents in this waste is also 
a potential problem. Retort water generally has an offensive odor which would 
not be well received by downwind recipients from the disposal site. Consider- 
ation would also have to be given to the possible presence of volatile toxic 
organics or other organics which would degrade air quality in the region. 

Effect of Climate 


The long winters characteristic of the oil shale regions of Colorado, Utah, and 
Wyoming adversely affect the cost of land disposal by irrigation and overland 
runoff due to the large wastewater storage requirement. Irrigation and overland 
runoff are not possible during extended periods of freezing temperatures and 
application rates must be reduced during cool weather. Based on the length of 
frost free seasons, storage requirements range from 5 to 10 months, however, 
specific site operations may decrease the storage area needed. 

UNDERGROUND INJECTION 

Underground or deep well injection is a disposal method which seeks to isolate a 
liquid waste in a geologic strata to eliminate, as nearly as possible, any 
environmental impacts resulting from disposal of the waste. Geologic strata 
selected to receive wastes by this method are generally located at a consider- 
able distance from ground surface to provide additional assurance of confinement 
and avoid contaminating freshwater aquifers near the surface. Underground 
injection is normally reserved for wastewaters which are very difficult or 
expensive to treat for release to surface receiving waters. It is used exten- 
sively for the disposal of oil well brine wastes. 

UNDERGROUND INJECTION WELLS 


A typical well consists of several pipes extending below the surface. The 
function of each of these pipes is as follows: 

Conductor Pipe - This is the first of several concentric pipes that are placed 
into a disposal well. It extends between 30 and 60 m below the surface and 
prevents shallow water contamination while the surface hole is being drilled. 
This pipe is usually driven into place with a pile driver. 

Surface Casing - This pipe extends from the surface to approximately 60 m below 
the base of the freshwater. This casing is cemented in place back to the ground 
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casing is also cemented back to the surface and inside the surface casing. Its 
purpose is to seal off the formation above the disposal zone and below the 
freshwater. 

Injection Tubing - This pipe is the conduit through which the effluent travels 
to the disposal zone. It is always sealed at the well head and usually just 
above the disposal zone. The annular space between the protecting casing and 
injection tubing is filled with a noncorrosive fluid. Pressure should be 
applied to this annulus approximately 35,000 kg/m 2 higher than the injection 
pressure. The higher annular pressure will prevent any flow of effluent into 
the casing tubing annulus. 

Disposal Zone Completion 

If the well is completed in a sand formation, the gravel packed sand screen 
completion method should be used. If the well is completed in a limestone 
formation, open hole or perforated completions are acceptable. 

WASTE CHARACTERISTICS 


The suitability of waste for underground injection depends on its volume and 
physical and chemical characteristics, and on the physical and chemical pro- 
perties of the potential injection zones and their interstitial fluids. Waste- 
water that is desirable for injection must be: 1 ) low in volume and high in 
pollutant concentration; 2) difficult to treat by surface methods; 3) free of 
any adverse reaction with the formation fluid or the strata; 4) free of sus- 
pended solids; 5 ) biologically inactive; and 6 ) noncorrosive. 

Waste disposal into underground aquifers constitutes the use of limited storage 
space, and only concentrated, very objectionable, relatively untreatable wastes 
should be considered for injection. The fluids injected into deep aquifers do 
not occupy empty pores, but displace the fluids which saturate the storage zone. 
Consequently, optimal use of the underground storage space will be realized by 
the use of underground injection only when more satisfactory alternative methods 
of waste treatment and disposal are not available. 

Reaction of the wastewater with the formation water or the strata is important. 
Resulting problems could include dissolving the formation, generating a gas or 
precipitate in the formation, and clogging by biological growths. The waste- 
water should be free of suspended solids and biologically inactive to avoid 
reservoir clogging. The corrosiveness of the wastewater should be low to pre- 
vent tubing and pump corrosion. 

Retort water characteristics vary depending on the type of oil shale, retorting 
process, and retort operating conditions. As shown in Table 1, BOD 5 values 
range from 350 to 5500 mg /1 and filterable residue from 150 to 101,000 mg/1. 
Ultrafiltration may be necessary to remove the suspended solids. Biocide 
addition may be necessary because high BOD concentrations promote biological 
activity. 


Ammonia concentrations of retort water vary from 2600 to 31,500 mg/1. Toxic 
level of ammonia for anaerobic fermentation is 1300 mg /1 (toxic level may vary 
considerably due to synergistic or antagonistic effects of other ions). High 
ammonia concentrations in the retort water should prevent biological activity. 
When ammonia concentration is reduced, (either by treatment for ammonia recovery 
or by ion exchange during migration of fluid in the disposal zone) the proba- 
bility of biological activity is increased. If necessary nutrients (mainly Ca, 
Mg, and P) are present in the disposal zone, biological activity of the retort 
water is almost certain. Plugging of the injection zone by bacterial growth and 
by gas formation (CH 4 and CO 2 ) is likely to occur unless very long residence 
times in the injection zone are permitted for further reaction. 

DISPOSAL SITE SELECTION 


Great care must be exercised in the selection of an underground disposal site 
for liquid wastes. The suitability of a specific location of a waste injection 
well must be evaluated by a detailed geological subsurface investigation. 

However, regional geological conditions can be used to evaluate general suit- 
ability of certain areas. 

Certain areas of the continental United States, such as the Rocky Mountains, are 
generally unsuitable for waste injection wells because igneous or metamorphic 
rocks lie at or near the ground surface. Such rocks do not have sufficiently 
high porosity or permeability to warrant their use as a disposal formation. 

Areas with extensive extrusive volcanic sequences exposed are also not suitable 
for waste disposal wells. Even though these rocks have porous zones, they 
usually contain freshwater. 

The final appraisal of a disposal well site is usually determined by a two-phase 
geologic investigation. The first phase includes an evaluation of potential 
sites on the basis of available data. The second phase consists of a more 
detailed evaluation of subsurface conditions based on information obtained from 
drilling a pilot hole or the injection well. 

Information sought during the first phase of the investigation and prior to the 
installation of an injection well includes the extent, thickness, depth, poro- 
sity, permeability, temperature, water quality, and piezometric pressure of 
potential injection zones. The presence of impermeable confining beds, lateral 
changes in rock properties, the existence of faults or joints, and the occur- 
rence of any mineral resource in the area must also be evaluated. Existing 
wells in the area which may penetrate the potential injection zones must be 
located because liquid wastes could escape through these wells if not properly 
plugged. 

The second phase of the investigation is conducted during the drilling and 
testing of the injection well. Often the actual injection zone is not selected 
until the well has been drilled and a number of potential zones have been tested 
and until the chemical quality of water in the potential zones has been evalu- 
ated. Pumping tests are used to measure the permeability and water samples are 
obtained for chemical analysis. Other important rock properties are measured by 
geophysical logging, drill -stem testing tools, or by laboratory tests on core 
samples. The results of these geologic investigations are used not only in 
evaluating the feasibility of subsurface waste disposal, but also to provide 
basic data for designing the injection well and the optimal rate of injection. 
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programs to prevent or eliminate groundwater contamination and to improve sani- 
tary conditions of these waters. In 1974, EPA issued "Administrator's Decision 
Statement No. 5" as agency policy on injection wells and subsurface emplacement 
of fluids by well injection. This policy was drafted to protect the subsurface 
from pollution or environmental hazards as a result of improper injection practices 
and poorly sited injection wells. Linder this policy, EPA opposes the emplace- 
ment of wastes by injection without strict controls and a clear demonstration 
that such emplacement will not interfere with present or potential use of the 
subsurface environment, contaminate groundwater resources, or otherwise damage 
the environment. EPA can require that all proposals for subsurface injection be 
critically evaluated to determine that the following guidelines have been met: 

• All reasonable alternative measures have been explored and found less 
satisfactory in terms of environmental protection,. 

• Adequate preinjection tests have been made for predicting the fate of 
materials injected. 

• There is conclusive technical evidence to demonstrate that such injection 
will not interfere with present or potential use of water resources nor 
result in other environmental hazards. 

• The injection system has been designed and constructed to provide maximal 
environmental protection. 

• Provisions have been made for monitoring both the injection operation and 
the resulting effects on the environment. 

• Contingency plans that will prevent any environmental degradation have been 
prepared to cope with all well shut-ins or well failures. 

• Provisions will be made for plugging injection wells when abandoned and for 
monitoring plugs to ensure their adequacy in providing continuous environ- 
mental protection. Also under this policy, EPA acknowledges that subsur- 
face injection of wastes is only a temporary means of disposal until new 
technology that will ensure a higher degree of environmental protection 
becomes available. 

In December of 1974, the National Safe Drinking Water Act was passed by Congress. 
The purpose of this legislation was to ensure that water supply systems meet 
minimum national standards for the protection of public health. The Act was 
designed to achieve uniform safety and quality of drinking water in the nation 
by identifying contaminants and establishing maximum levels of acceptability. 

The major provision of the Act that encompasses the underground injection pro- 
gram is the establishment of regulations to protect the underground drinking 
water sources by the control of subsurface injection. 

Various states are to have enforcement responsibility for groundwater protection. 

If a state underground injection control program is to be approved by EPA, it 
must: 


• allow permits for underground injection only when the applicant can prove 
that injection will not endanger drinking water sources; 

• provide for inspection, monitoring, record keeping, and reporting to EPA; 
and 

• include no requirements that interfere with underground water or brine in- 
jection in oil or gas production, or for secondary or tertiary oil recovery, 
so long as freshwater aquifers are unaffected. 

If a state does not have an approved underground injection control program, EPA 
should assume enforcement responsibilities. 

In August 1976, EPA issued the proposed new 40 CFR Part 146 setting forth the 
regulations governing stage underground injection control (UIC) programs. The 
intent of this proposed regulation is to: 

• establish minimum requirements for effective state programs to protect 
existing potential underground sources of drinking water from being en- 
dangered by the underground injection of fluids; 

• provide improved protection of public health by controlling certain poten- 
tial sources of underground drinking water contamination; 

® provide minimal national control; 

• allow a state to exercise maximum flexibility to develop programs to meet 
their needs, noting that differences exist between states, including geo- 
logical conditions, use and availability of groundwater, and intensity of 
underground injection operations; and 

® provide a program that would not be excessively costly to the states or to 
most injectors. 


TREATMENT OF RETORT WATER 

Bench-scale treatability studies are being conducted to evaluate current tech- 
nology for the removal of pollutants from shale oil wastewaters. Retort waters 
generated by pilot plant and in situ test facilities are used in these studies 
to assess the adequacy of treatment processes to achieve the desired effluent 
quality. The wastewater treatment process selected for evaluation are essen- 
tially patterned after technology used by petroleum refineries. 

EVALUATION CRITERIA 


In the absence of sufficient waste treatment data to develop guidelines for 
disposal of retort or process wastewater to surface receiving waters, tentative 
evaluation criteria based on state standards are provided in Table 2. Except 
for total dissolved solids, these values are taken from water quality standards 


1 bod 5 

2 Suspended Solids 

3 Oil and Grease 

4 pH 

5 Settleable Solids 

6 Floating Solids 

7 Taste, Odor, Color 

8 Toxic Materials 

9 Total Dissolved Solids 


30 mg/1 
30 mg/1 

10 mg/1 and no Visible 

Sheen 

6. 0-9.0 

Essentially Free From 
Essentially Free From 
Essentially Free From 
Essentially Free From 
500 mg/1 


Note: Numbers 1-4 above provide specific limitations for 
discharge of wastes not covered by other industrial 
effluent limitation guidelines in the State of 
Colorado. Numbers 5-8 are standards applicable to 
receiving waters for Colorado, Utah, and Wyoming. 
Number 9 is the average total dissolved solids in 
the Colorado River at Grand Valley, Colorado. 


and effluent limitations for the states most likely to be involved in shale oil 
development (Colorado, Utah, and Wyoming). The limitation of 500 mg/1 for total 
dissolved solids represents an average value for the Colorado River at Grand 
Valley, Colorado, which is in the vicinity of several planned commercial shale 
oil recovery operations. Discharges of effluents containing more than 500 mg/1 
TDS into the Colorado River in this area could ultimately increase the salinity 
above control limits for this river as it crosses the border into Mexico. Total 
suspended solids for retort waters listed in Table 1 exceed 500 mg/1 with but 
one possible exception (USC No. 1) after ammonia removal. Discharge of retort 
water to surface receiving waters is, therefore, unlikely without desalination. 


Four out of five BOD values listed in Table 1 are two orders of magnitude or 
greater than the effluent limitation of 30 mg/1 given in Table 2. It is un- 
likely that a practical biological treatment scheme could meet this limitation, 
however, subsequent chemical coagulation, sedimentation, filtration, and acti- 
vated carbon sorption should achieve a very high level of removal. If this 
sequence of treatment processes cannot meet the limitations presented in Table 
2, less stringent criteria may be applied. In some areas more stringent cri- 
teria may be necessary to protect local surface receiving waters. 

Retort water can potentially contain several toxic materials. Ammonia, which is 
highly toxic to fish and other aquatic organisms, is present at relatively high 
concentrations. Most of the ammonia must be removed before biological treatment 
can be used to degrade organic material contained in this waste. Arsenic is 
also present at several mg/1 in some retort waters and could interfere with 
biological treatment. Furthermore, removal would be required prior to discharge 
to surface waters. Other unidentified substances (e.g., organic substances) 
could also cause toxicity problems in biological treatment or in surface re- 
ceiving waters. 


BENCH-SCALE TREATABILITY STUDIES 


Steam Stripping 

Bench-scale studies were conducted to evaluate steam stripping as a means of 
removing ammonia from retort water. The steam stripper used in this work con- 
sisted of a two-inch ID glass pipe packed to a depth of four feet with 1/4-inch 
ceramic saddles. Feed to. the stripper is introduced at the top of the column of 
saddles and is counter-currently contacted with steam generated by a reboiler at 
the bottom of the column. Steam, containing volatile constituents stripped from 
the feed, is removed from the top of the column, condensed, and collected in a 
condensate receiver. The condensate receiver is vented to a water trap and an 
acid trap in series to absorb ammonia vapor carried over with non-condensable 
gases. The steam stripped feed collects in the reboiler and is drawn off con- 
tinuously to maintain the desired liquid level in the reboiler. Two operational 
modes were evaluated, one with recycle of the condensate and one without recycle. 
The condensate is recycled by injecting it into the feed stream to the stripping 
column. Recycle of the condensate eliminates the necessity of dealing with a 
separate wastewater stream but also reduces the efficiency of ammonia removal in 
the stripping column by increasing the ammonia concentration in the feed streams. 
The alternative of no condensate recycle results is an aqueous ammonia solution 
which contains volatile organic matter stripped from the retort water. 

The steam stripping studies were performed using a sample of retort water from 
an in situ operation in Utah which contained 3100 mg/1 ammonia. Ammonia removal 
with recycle of the condensate averaged 90% for 2 runs at a boil off rate of 
4.5%. Over 99% of the ammonia was removed without recycle of the condensate at 
a boiloff rate of 5.3%. Steam stripping also reduced the alkalinity from 14,300 
mg/1 to about 4,700 mg/1. However, the pH of the retort water increased from 
8.8 to about 10 because of carbon dioxide stripping. Excessive foaming occurs 
in the reboiler which requires precise liquid level control to prevent the foam 
from entering the column where it causes flooding. 

Some fouling of the packing in the stripping column was observed, which may have 
been the result of suspended matter depositing on the packing. Although settled 
retort water was used, it contained about 150 mg /1 of suspended solids, which 
were reduced to about 30 mg/1 through the stripper. A small volume of light oil 
was also removed by the steam stripping operation. Organic carbon removal by 
steam stripping ranges from 15 to 20 %. 

A sample of retort water from the Lawrence Livermore Laboratory (LLL) was steam 
stripped while operating in the condensate recycle mode at a condensate tempera- 
ture of 85.5 + 3. 5°C. The ammonia was reduced by 99.5% from 26,500 mg/1 to 135 
mg/1 at a boiloff rate of 15% of the combined feed and condensate recycle. This 
boiloff rate is equal to 18% of the feed flow alone. Approximately 1/4 of the 
ammonia was recycled with the condensate stream and 3/4 was evolved from the 
condensate receiver as a gas. The feed flow to the stripper column with the LLL 
retort water was restricted to about half that of in situ test site retort water 
to avoid flooding in the column. This is believed to result from a greater gas 
flow (C02 + NH 3 ) up the column with the LLL retort water. 


at the Lawrence Livermore Laboratory, one rrom an aoove-grouna retort in Colorado, 
and the other three samples from an in situ test site in Utah. Both aerobic and 
anaerobic biological treatment processes have been evaluated on a bench-scale. 
Aerobic treatment consisted of activated sludge or combined roughing filter 
(trickling filter) and activated sludge. The results of the aerobic treatment 
studies indicated toxicity problems in the treatment units as the concentration 
of retort water was increased in the feed to the units. Good biological growth 
and organic carbon removals were observed during the initial phases of the 
acclimation period but an apparent toxicity problem develops as the percent 
actual retort water in the feed increases and the percent artificial retort 
water decreases. Analysis of the retort water for toxicants revealed the pre- 
sence of arsenic and thiocyanate. Thiocyanate is not believed to be a problem 
since the concentration of this constituent is below the threshold value of 500 
mg/1 for activated sludge. Arsenic could be a problem since it exceeds the 
threshold value of 0.1 mg/1 for activated sludge. The Livermore sample con- 
tained 1.3 mg/1 arsenic and the remaining samples contained 4-13 mg/1 arsenic. 
Results of anaerobic digestion studies conducted with 3.5 liter digesters also 
indicated toxicant problems. Gas production from the digesters diminished 
steadily as the concentration of actual retort water was increased. 

Results of studies to evaluate powdered activated carbon addition to the anaer- 
obic digesters indicate successful operation in the case of the Livermore retort 
water, but continued toxicity problems with the other retort water samples. The 
powdered activated carbon is effective for removing certain soluble organics, 
including toxic organics, from solution which could reduce the stress on micro- 
bial population in the digesters. The activated carbon is also effective in 
some instances for removing heavy metals from solution, but its effect on arse- 
nic in retort water is unknown at the present time. Analysis for soluble arse- 
nic in the digester receiving in situ test site retort water revealed 0.96 mg/1 
which is near the toxicity threshold for anaerobic digestion. Soluble arsenic 
in the digester receiving Livermore retort water was 0.56 mg/1. Preliminary 
results indicate that activated carbon treatment of Utah in situ retort water 
will permit aerobic biological degradation to take place although the amount of 
activated carbon needed may be relatively high. 

MINEWATER TREATMENT 

Water pumped from underground oil shale mines or in situ operational zones in an 
oil shale formation may contain pollutants, such as fluoride, boron, and high 
dissolved salt concentrations, which will prevent unrestricted release of this 
water to surface receiving streams. Treatment and disposal technology for these 
minewaters is also being assessed. 

FLUORIDE REMOVAL STUDIES 


Treatability studies were conducted to evaluate methods for removing fluoride 
and boron from minewater. The results of bench-scale experiments with groun- 
dwater taken from a site in Colorado show a 50% breakthrough capacity of 350 bed 
volumes for fluoride removal by activated alumina adsorption. The groundwater 
fluoride concentration was 20 mg/1; therefore, the fluoride capacity is approxi- 
mately 7 g/1 of activated alumina. In order to achieve effective fluoride 


to the feed at the beginning of the exhaustion cycle to neutralize the residual 
caustic regenerant in the bed. The acid addition for pH adjustment of the feed 
is expected to represent a substantial portion of the chemical cost of treatment 
for fluoride removal by activated alumina adsorption. An estimated 13 <£ per 
thousand gallons of groundwater would be required to adjust the pH with sulfuric 
acid priced at $50 per ton of acid. Regenerant costs are estimated to be 16 <£ 
per thousand gallons of groundwater treated based on sodium hydroxide priced at 
$280 per ton. 

Results of precipitation experiments with simulated groundwater indicate 90 % 
fluoride removal with phosphoric acid and lime addition. Approximately 9 moles 
of phosphorus and 10 moles of calcium per mole of fluoride are required to 
achieve this level of fluoride removal which would be needed to allow discharge 
of the groundwater to nearby surface receiving waters. The precipitation formed 
is basically a mixture of fluorapatite, CasF(P04), and hydroxy apatite, Ca5(0H) 

( PO4 ) 3 . The cost of phosphoric acid and lime to treat the groundwater is esti- 
mated to be about $2 per thousand gallons, which is excessive relative to other 
treatment methods. 

Ion exchange with a weak base anion exchange resin was investigated as a unique 
process which showed some potential because of the low selectivity of this resin 
for bicarbonate, the principal ion competing with the fluoride. Laboratory 
results showed a correspondingly low selectivity for fluoride which negates 
possible advantages this process may have over other ion exchange processes. 

BORON REMOVAL STUDIES 


Boron removal from the groundwater is not effected by either activated alumina 
or lime and phosphate treatment. Bench-scale studies with a boron selective 
ion exchange resin indicate good boron removal from 2000 bed volumes of ground- 
water containing 0.6 mg/ 1 . Boron removal to less than 0.3 mg /1 is required for 
discharge to nearby surface waters. 

SUMMARY AND CONCLUSIONS 

Current data in the literature indicate that the salinity of retort water from 
shale oil recovery operations will be too high in most cases for irrigation of 
cover crops needed for effective stabilization by land treatment and disposal. 
Furthermore, large storage lagoons would be required to hold the retort water 
during the long winters encountered in the oil shale regions of Colorado, 

Wyoming, and Utah. Additional problems which may arise with land disposal 
include air pollution from volatile constituents and groundwater pollution from 
refractory organics and dissolved salts in the retort water. 

Regulatory restraints are expected to limit the use of underground injection for 
disposal of highly polluted shale oil wastewaters. Proof of confinement of 
injected wastes will be required to assure protection of drinking water resources, 
and this is often difficult and costly to accomplish. Underground injection of 
wastewater is a viable disposal option, however, where all reasonable alter- 
natives have been explored and found to be less satisfactory in terms of environ- 
mental protection. 


Fluoride removal from minewater with activated alumina and fluorapatite precipi- 
tation was investigated. Reagent costs for the precipitation were estimated to 
be $2 per thousand gallons whereas reagent costs for activated alumina treatment 
were only 29 <t per thousand gallons. Boron was effectively removed by ion exchange 
on a boron specific resin. 
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INTRODUCTION 


In modified in situ (MIS) oil shale retorting* the resource is processed 
in the ground* Porosity is introduced into the formation by mining out from 
20 to 30% of the in-place oil shale. This material is brought to the surface 
and either processed in surface retorts or stockpiled. The balance of the 
material is rubblized underground using various mining techniques. Oil is 
extracted by pyrolysis and combustion. 

This process produces oil, a low BTU gas and process water and leaves 
behind large underground chambers (retorts) of spent shale and surface piles 
of raw or spent shale. The acceptability of MIS retorting may depend on the 
resolution of several environmental issues related to these residuals inclu- 
ding groundwater disruption, resource recovery, retort stability and solid 
and liquid residual disposal. 

The purpose of this paper is to investigate the feasibility of returning 
the solids stockpiled on the surface and process water to the abandoned 
underground chambers. We believe that potential environmental problems can 
be largely overcome by returning on-site waste materials to the abandoned 
underground retort. This would fill the void space created by mining, thus 
improving structural strength and reducing permeability to groundwater flow. 
If sufficient strength could be developed, it may be possible to design re- 
torts so that the pillars could be retorted and resource recovery improved. 

It would also result in the simultaneous disposal of solid and liquid resi- 
duals . 


CONTROL STRATEGY 


Various materials could be introduced into an abandoned retort or sur- 
rounding strata to increase structural strength or to reduce the flow of 
groundwater through the retort. These materials, called grouts, have been 
widely used in a number of fields including oil field reservoir engineering, 
nuclear waste containment, gas storage in underground formations, deep coal 
mining, soil consolidation and various construction activities. The nature 
of these conventional materials needs to be explored to determine the types 
of grouts that may be produced from on— site waste materials and properties 
required for retort sealing. 


tion of local ground water or surrace wauei . 

(2) The grouting material must be chemically stable in the presence of 
saline groundwater. 

(3) The grout viscosity must be low enough and the setting time long 
enough for the slurry to penetrate a large area. 

(4) The grouted area should be able to withstand both hydrostatic and 
overburden pressures. The hydrostatic pressure is due to natural 
head differences that exist between the aquifers surrounding the 
oil shale deposits in some areas and to significant dewatering 
during retorting. 

An impressive array of commercially-available grouting materials has been 
used in other industries. These have been extensively described in the liter- 
ature (1, 2) and include cement and chemical grouts. Cement grouts typically 
have long setting times, are non-Newtonian and have relatively high viscosi- 
ties compared to chemical grouts. Chemical grouts are water solutions of 
various inorganic or organic compounds and are most typically based on sodium 
silicate, acrylamide, polyphenolic and urea-formaldehydes, lignins, and 
resins. Properties and cost factors for some of these grouts are compared 
with spent shale in Table 1. Preliminary estimates indicate that it could 
cost from 20 to 270 dollars per barrel of oil for the grouting material alone 
if abandoned retorts were sealed with these conventional materials. Spent 
shale grouts, on the other hand, may be economically feasible if technical 
problems associated with their use are resolved. 

The high costs of conventional grouts and the on-site availability of 
some of the raw materials necessary to manufacture them, suggests that waste 
products be used to produce grouts. Readily available materials include 
raw and spent shale, latent heat within the retort, gases, process water and 
mine water. These materials should be considered as raw materials for on-site 
manufacture of grouts that would not be economically competitive if purchased 
from commercial sources. Many of these components show promise for use as 
grouting materials. Some possibilities include on-site conversion of raw or 
spent shale into a pozzolan or cement, use of NH 3 in the gas and process water 
to produce urea-formaldehyde polymers, use of CO 2 in the gas and Na 2 C 0 3 in the 
process water to produce insoluble carbonate deposits, and the manufacture of 
silica gels from mine water, retort waters or offgas. 

There are many possible solutions to the retort abandonment problem using 
these on-site waste products. The most appropriate one will depend on desired 
strength increase, permeability reduction, retort/aquifer geometry and cost. 
The following sections of this paper will discuss the use of spent shale and 
process water as major components of a grout and methods of distributing the 
grout in the retort. 


Table 1. Comparison between conventional grouting materials and spent shale 
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(a) Depends on the water-cement ratio (VCR) and presence of additives. With a WCR of 45%, and no additives, the viscosity 
cement is 200 cp. Addition of a slurry fluidizer (i.e., naphthalene polymer) may reduce this to 20 cp. By comparison 
of 450% to 900% is needed to reduce the viscosity of Lurgi spent shale to 200 cp. 
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compared with pozzolans in Table 2. This comparison shows that spent shale 

appears to meet the chemical requirements for ASTM Class C pozzolan and is 
very similar to natural pozzolans. This is of considerable interest because 
the spent shale could be used to reduce permeability and provide strength 
development of an abandoned MIS retort. 


Two studies have been conducted on the use of surface spent shale to 
manufacture a cement-like material. However, these have met with limited 
success (possibly due to low temperatures reached in the surface retorts). 
Culbertson, Nevens and Hollingshead (7) studied the stabilization of spent 
shale from a TOSCO retort. Shear strength and confined compressive strength 
in the range of 250 to 500 psi were obtained. Strength development was pos- 
itively correlated with the amount of cohesive hydrates formed* After 15 
days of setting, no loss of strength occured in samples resaturated with 

water . 


Nevens, Habenicht and Culbertson ( 6 ) studied the filling of a simulated 
in-situ retort with a slurry of Lurgi spent shale. Samples calcined at 750 
to 850 C required from 500 to 1000 wt % water to reduce the viscosity to 100 
cp. Compressive strengths obtained after 28 days ranged from 5 to 200 psi. 

Although results with 100% spent shale grouts have been discouraging to 
date, research is in its infancy and advances may occur. The most promising 
possibility is to use spent shale to create a hydraulic lime-pozzolan mortar. 
This is a mixture containing active lime (CaO) and pozzolanically active 
silica (Si 02 ) and alumina (AI 2 O 3 ) which yield cohesive hydrates when mixed 
with water. This strategy is explored here by contrasting the chemistry of 
cements, pozzolans and mineralogical changes that occur during oil shale 
retorting . 


Cement, pozzolan and oil shale chemistry 


The chemistry of pozzolan and cement and of the carbonate/silicate min- 
erals in oil shale is germane to understanding the potential role of spent 
shale as a grout. Cements are prepared by blending proper proportions of 
finely ground limestone and clay and firing the mixture in a kiln at 1450 to 
1550 C. The resulting clinker is cooled, about 5% to 6 % gypsum is added as 
a set retarder and the mixture is pulverized. When water is added to this 
material and the paste is allowed to set it will gradually convert to a har- 
dened product. This process can be represented by the following set of chem- 
ical equations: 


Calcining 

Limestone or CaC0~ — - — ^ CaO + CO 


^ A1 2°3 


+ Si0 2 + Fe 2 0 3 


Clay 


A 


( 1 ) 

( 2 ) 


Table 2. Composition of pozzolans and spent shale 
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2CaO + Si0 2 » 2Ca0 , S10 2 
3CaO + A1 2 0 3 -- ^3Ca0’Al 2 0 3 

4CaO + A1 2 0 3 + F e 2 ^ 3 — ^4Ca0*Al 2 0 3 Fe 2^3 
Hydration 

2(3Ca0.S10 2 ) + 6H 2 0 »3Ca0-2Si0 2 *3H 2 0 + 3Ca(OH) 2 

2(2Ca0*S10 2 ) + 4H 2 0 *3Ca0*2SiC> 2 *3H 2 0 + Ca(OH) 2 

3Ca-Al 2 0 3 + 16H 2 0 + CaS0 4 -2H 2 0 »3Ca0*Al 2 0 3 -CaS0 4 *18H 2 0 

3Ca0*Al 2 0 3 + 26H 2 0 + 3CaSC> 4 '2H 2 0 *3Ca0*Al 2 0 3 *3CaSO 4 *32H 2 0 

It would not be economically feasible to manufacture cement on site be- 
cause of the high energy requirements (8). However, a hydraulic lime- 
pozzolan could be produced at temperatures much below clinker ing temperatures. 

Pozzolans are siliceous and aluminous materials that react with lime 
in finely divided form and in the presence of moisture to form cohesive 
hydrates. These hydrates are the main strength-giving compounds of hydrated 
cement. Typical pozzolanic reactions are: 

2Si0 2 + 3Ca(OH) 2 »3CaO2Si0 2 *3H 2 0 (11) 

A1 2 0 3 + 4Ca(0H) 2 + 10H 2 0 ^CaO’Al^ • Ca(OH) 2 • 18H 2 0 (12) 

These equations show that if active silica and alumina react with lime, 
calcium silicate and calcium aluminate hydrates are formed. These compounds 
are similar to those that give strength to portland cement. The ability of 
a siliceous or aluminous material to react at normal temperature as shown is 
called "pozzolanic activity" and is measured by ASTM Method No. C 311-77 (11). 
A sufficient degree of pozzolanic activity may be present in spent shale or 
it may be increased by heat treatment, or by modifying retorting conditions, 
or by lime addition. 

If pozzolanic activity could be induced in surface spent shale by modi- 
fying retort operating conditions, it may be possible to manufacture a 
hydraulic lime-pozzolan on site. This is more attractive than formation of 
a cement since activation of silica and alumina takes place at lower temper- 
atures than the formation of clinker compounds (900 - 1000 C) . For maximum 
development of cementitious properties, additional lime may be required. 

This could be added before retorting or afterward. Fine grinding of the 
spent shale would be required. Because the clinker compounds of portland 
cement, formed in equations (3) through (6), would not be present, the grout 
would set more slowly and have a lower final strength. 


( 4 ) 

(5) 

( 6 ) 

(7) 

( 8 ) 
( 9 ) 

( 10 ) 


on the partial pressure of CO 2 . Above 1000 C the calcium oxide reacts with 
silica to produce calcium silicate compounds (3Ca0*Si02, 2Ca0*Si02) and other 
nonreactive compounds (gehlenites and akermanites) . These reactions are 
summarized as (12): 


Ca(Mg x> Fe 1 _ x ) (C0 3 ) 2 (i_ x )FeO + xMgO + CaC0 3 + C0 2 

2FeO + C0 2 — ^-tFe 2 0 3 + CO 

CaC0 3 — ^ CaO + C0 2 

nCaO + mSi0 o — ^->Ca Si 0. N 
2 n m (n+2m) 


(13) 

(14) 

(15) 

(16) 


The temperature at which these reactions occur is very important in con- 
sidering the use of oil shale as a cementitious material. Most surface re- 
torts operate at less than 600 C, which is too low to form a mixture of active 
silica and active alumina with cementitious properties. Therefore, if spent 
shale is to be produced for use as a grouting material, the surface retorting 
process may have to be optimized for pozzolan formation as well as for oil 
yield. 

Based on the foregoing, we propose that the surface retort be operated 
to produce a hydraulic lime-pozzolan mixture. This recommended strategy is 
summarized in Figure 1, This figure shows pozzolan production and additives 
that are being explored in an experimental program. The surface retort is 
operated to produce a hydraulic lime-pozzolan. The effect of additions of 
limestone, portland cement and slurry fluidizer are being investigated. The 
limestone addition would enhance the availability of lime to form cohesive 
hydrates. If strength of the lime-pozzolan mixture is inadequate, a small 
addition of portland cement may be desirable. The portland cement would con- 
tribute tricalcium (3Ca0*Si02) and dicalcium (2Ca0*Si02) silicate, which, 
upon hydration, yield Ca (OH ) 2 and cohesive hydrates. The spent shale 
pozzolan would react with the Ca(0H)2 as it is formed to yield additional 
cohesive hydrates as shown in equations (11) and (12) . The slurry fluidizer 
would decrease the viscosity of the slurry so that it could be more easily 
distributed in the abandoned retort. 


GROUT DISTRIBUTION 


Grout distribution in abandoned retorts will depend on several factors 
including grout properties, retort properties and emplacement geometry. 

Most commercial grouting is performed by point injection from small diameter 
pipes placed in a grid pattern on centers less than 20 feet apart. This 
would not be economically feasible due to the large number of deep holes that 
would have to be drilled. Well spacing greater than or equal to 70 feet 
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Add limestone before retorting if retorting temperature is high enough to 
calcine limestone. 

Add calcined limestone after retorting if retorting temperature is not 
high enough to calcine limestone. 

Portland cement addition only if strength development without it is 
inadequate. 


would be needed to make grouting attractive as a method of spent shale 
disposal if drilling were done from the surface. The effects of the geometry 
of the grout emplacement, the retort permeability and grout viscosity on 
retort groutability need to be studied. 

Viscosity is the most important grout property for distribution. Spent 
shale slurries investigated to date have typically had viscosities of 500 to 
over 1000 cp at low water contents (100% by weight water added) (6) . These 
slurries have generally had viscosity reduction to 50 cp at 200% by weight 
water added but some slurries have required 1000% by weight water to obtain 
viscosities less than 100 cp (for comparison, the viscosity of water is 1 cp 
at 20 G) . The relative penetrability of spent shale grout will be strongly 
dependent on obtaining a low viscosity product (< 50 cp) at low water content 
(100% by weight water) to achieve desired strength development and permeabi- 
lity reduction. 

Permeability of the spent in-situ retort will be the most important pro- 
perty for grout distribution. Uniform penetration of a particulate grout 
(e.g. spent shale-based grout ) may be difficult to achieve because of the 
heterogeneous nature of the void space of an abandoned in-situ retort. It 
includes large voids between rubble fragments (up to one inch and more) , 
fine voids where oil shale has been fractured but fragments have not moved 
apart, fissures and cracks in retort walls, and minutes pores created in 
spent shale by pyrolysis of kerogen. Invasion of only the larger pores may 
not be adequate to reduce permeability. 

Effective grouting may require complete and uniform penetration of most 
voids. This will be controlled by the relative size of particles in the 
grout and the void space in the rubble. In order to penetrate a retort at a 
reasonable pressure and flow rate, the size of the largest suspended particle 
should not be greater than about one-third of the size of the voids. Typic- 
ally, particulate grouts are used for openings that are 1/16 inch or larger 
and chemical grouts are used for openings that are less than 1/16 inch. 
Therefore, two injections may be required to seal an abandoned in-situ retort. 
The first would use a grout with a relatively large particle size and the 
second would use a nonparticulate grout. 

Point source grout injection may not be very effective for grout distri- 
bution in abandoned retorts. The grout penetration from a point source is 
severely limited by the high headloss developed near the tip of the pipe. 

For most commercial grouts however, set up time is short and point sources 
are used because not enough grout penetration occurs prior to set up for the 
well point headloss to become a problem. However, for abandoned retorts, 
this configuration is not suitable as a large number of injection ports 
would be required. The cost for this may be excessive. Therefore, line 
source placement should be explored. 

Line source injection is beneficial for increased rubble penetration 
and faster grout distribution but it is limited by the size of the pipe 
available to deliver the grout and head required to push the grout through 
the rubble. A 36 inch pipe diameter flowing at 2 ft /sec could deliver 14 
cfs of grout to the rubble. If this grout were delivered to a slotted 
section approximately 50 feet in length, approximately 8 hours would be 


This paper considered the production of a hydraulic lime-pozzolan 
mixture from spent shale produced in surface oil shale retorts. This mixture 
could be slurried with process effluents and pumped into abandoned MIS 
retorts. This control strategy would simultaneously provide for long-term 
retort stability, minimal groundwater disruption, enhancement of resource 
recovery and disposal of process residuals. Work completed to date and some 
theoretical considerations suggest that surface retorts can be operated to 
produce a spent shale with pozzolanic properties. Additions of limestone, 
Portland cement and slurry fluidizer may be required. Additional work is 
required to determine optimum retort operating conditions and required addi- 
tives, and to resolve a number of technical problems. Preliminary cost 
estimates indicate that this would be an economically viable strategy if 
technical issues could be resolved. These include high grout viscosities, 
high water-solid ratios, poor strength development and grout distribution 
within an abandoned retort. If spent shale grout or some other low-cost 
on-site waste material cannot be reclaimed for retort filling and plugging, 
it is possible that MIS retorting may not be both environmentally and econo- 
mically viable due to the high costs associated with other control strateg- 
ies. However, if the constraint of enhanced resource recovery is relaxed 
and if it can be demonstrated that creep and subsidence are not long-term 
problems, then other lower-cost control strategies may be considered. These 
would address only the groundwater disruption issues and would include 
leaching, mine design modifications, grout curtains, and chemical immobiliza- 
tion of leachables. 
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ABSTRACT 

The injection of wastes into deep underground formations is 
the most economical method for disposal of liquid wastes that are 
not amenable to surface treatment. Operating costs are lower for 
pretreatments and subsurface disposal than for surface treatment 
systems, and plant area requirements are fewer. Chemical treat- 
ment is minimal, and generally the only physical treatment requir- 
ed for underground injection is filtration. This report presents 
a broad view of modern industrial underground waste injection 
systems and their operations. The types of wastes being injected 
and the major features of equipment, geologic formations, and 
well operation are described. 

The petroleum industry has been injecting fluids into sub- 
surface formations for many years? therefore, many of the techni- 
ques and much of the equipment for handling industrial liquid 
wastes are already available for industrial waste disposal. The 
techniques for drilling and completing the disposal wells have 
been perfected, and the necessary equipment is available. 
Similarly, the behavior of fluid flow through porous rocks and 
unconsolidated sand has been investigated. Therefore, many of 
the theories and equations describing the fluid distributions 
have been proved. Modificaton may, however, be needed to make 
them applicable to waste injection systems and to describe the 
chromatographic properties of the injected wastes constituents. 

A subsurface disposal system can be successful only if a 
porous, permeable formation of wide areal extent is available at 
sufficient depth to ensure safety in storage and retention of 
the injected fluids. The wastes usually are treated for solids 
removal and compatibility with the formation. An impermeable 
zone, such as shale or evaporite, must overlie the injection 
horizon to prevent vertical migration of the waste or displaced 
formation brines into low-salinity aquifers above the disposal 
zone . 


underground waste-infection systems and their operations. The 
types of wastes being injected and the major features of equip- 
ment, geologic formations, and well operation are described. 

Almost any specific waste-disposal problem can be resolved 
with modern industrial technology, but the processes for waste 
treatment and disposal are limited by practical economics. The 
injection of liquid wastes into deep geologic formations is 
becoming increasingly important. This method is being used 
especially in the major oil-producing states, where the techno- 
logy of fluid extraction from, and injection into, underground 
formations was developed and has been in use for about 50 years. 

The experience of the petroleum and chemical industries has 
shown that underground injection is applicable to all types of 
liquid wastes, (e.g. mineral and organic acids, bases, inorganic 
salts, oxygenated and chlorinated hydrocarbons, and mixtures of 
many other types of compounds). 

Subsurface formations have extremely large adsorptive 
surfaces and contain a diverse population of anaerobic bacteria; 
both of these factors are beneficial in containing and decompos- 
ing the injected wastes. In addition, salts contained in sub- 
surface brines and the diverse chemical constituents of host 
rocks serve as buffering agents and chemical reactants to aid in 
the conversion and decomposition of the waste compounds. 

If deleterious waste compounds are, indeed, irreversibly 
adsorbed and decomposed to harmless compounds, the environmental 
impact of underground waste storage is significantly less than 
that of chemical waste disposal by burning or discharging to 
surface streams or the ocean. However, present limitations of 
knowledge of the possible reaction of waste constituents with 
subsurface formations impose a potential for creation of an 
environmental hazard. 


TYPES OP WASTES 

The selection of subsurface waste disposal as a means of 
disposing of wastes is based on: (1) the difficulty of treating 

the waste to an acceptable level of purity for reuse or for 
discharge to surface streams and (2) the economic margin, if any, 
between subsurface waste disposal and surface treatment methods. 

Some wastes are corrosive acidic or brine solutions of 
inorganic constituents; some are basic wastes that readily form 
insoluble hydroxides and other precipitates when mixed with other 


a 


considered. thus, cam — , 7- — 

designed to process a specific waste mixture for injection into 

particular geologic formation. 

In this report, the types of wastes being injected into 
underground formations are classed in three distinct categories: 
produced oilfield brines, inorganic industrial wastes, and 
organic industrial wastes, as shown in Tables 1, 2, and 3, 
respectively. Each of the three types of wastes is subdivided on 
the basis of the individual waste constituents or of some out- 
standing property such as pH. 

Oilfield Brines 

In some oil fields being produced by waterflood, the brine 
produced with the oil is reinjected into the oil-producing 
formation for displacement of crude oil. Thus, the brine that 
would otherwise be a waste product is used for additional oil 
recovery and economic gain. Additional quantities of water 
required for a waterflood project are usually obtained from brine 
wells completed in formations above or below the oil zone. 

However, just as many oil fields are being produced by other 
mechanisms that do not require the injection of brine into the 
oil-producing formation. In these fields the produced brine is 
a waste product which is disposed of by injection into subsurface 
formations from which no fluids are withdrawn. Thus, this opera- 
tion is similar to the injection of liquid wastes by the chemical 
industry. 

Oilfield brines have a wide range of concentrations of a 
large variety of cations and anions. Concentrations range from 
less than 100 ppm to more than 100,000 ppm, as shown in Table 1, 
where the brines are classified according to the cation and anion 
in greatest concentration. Most of the produced brines have 
sodium or calcium chlorides as their major constituents, but 
magnesium, bicarbonate, and sulfate ions predominate in some. 
Other ions are present as minor constituents, and in some brines, 
ions such as bromine and iodine are present in commercially 
economic quantities (5j . 

Concentrations of ions from waters of different geologic 
formations, and in places even at different sites within the same 
formation, differ widely. Consequently, there are no typical 
oilfield brines, and generalizations of the chemical reactivity 
of different brines cannot be made. However, some problems 


TABLE 1. - Analyses of Natural Groundwaters Showing Major 
Constituents of Various Types of Brines (ppm) 
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closed * systemT^atmospheric oxidation of brine constituents causes 
the precipitation of salts and hydroxides . . Complete removal by 
j iltration is too costly; therefore/ aeration equipment is used 
to complete the oxidation, which is followed by sedimentation and 
filtration. 

Closed systems are used to keep the brine in essentially the 
same condition that existed in the formation. The closed system 
is more economical to operate and requires less surface equipment 
than the open system because the need for aeration and sedimenta- 
tion is eliminated. Brine is removed from the oil-water separator, 
filtered, and pumped directly into water wells. Closed systems 
generally are used where brine is to be injected into a formation 
other than the oil-producing formation, as a waste-disposal 
method . 


2. Scale deposition : Crystals from the concentrated salt 
solutions tend to accumulate in pipelines and at the face of the 
formation. They restrict the flow of brine and increase pumping 
costs. Such scale deposits are controlled by the addition of 
chemicals, principally phosphates, to the brine at the injection- 
pump manifold. 

3. Corrosion : Brines containing dissolved oxygen are very 
corrosive to ferrous metals. The phosphates added to prevent 
scale deposition act also as mild corrosion inhibitors, and 
usually no other corrosion-inhibiting chemicals are added to the 
brines. However, the corrosiveness of some brines, such as those 
containing carbonates, may be so great that corrosion inhibitors 
must be added to prevent loss of surface pipes. 

Inorganic Industrial Wastes 

Analyses of the inorganic wastes of 18 companies are listed 
in Table 2 to illustrate the wide variety of chemical-process 
waste mixtures and to show the stark differences between these 
wastes and oilfield brines. These wastes have been classified as 
essentially neutral, basic, or acidic. The neutral wastes, which 
are low in dissolved organic compounds, are more similar in 
chemical behavior to oilfield brines than are the others. 

The only preinjection treatment required for many of these 
neutral salt solutions is filtration. However, wastes containing 
dissolved organic compounds usually complicate underground injec- 
tion by forming polymeric gums at the formation face and in pores 
near the well bore. 


TABLE 2 Inorganic wastes that are being; injected into 
deep geologic formations 
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disposal of oilfield brines, t'ore spaces uc ai cxie wcxx cure can 
quickly become plugged. Insoluble salts of metals in the waste 
can be deposited in the pores, or hydroxides of metals may form 
gels that effectively plug the pores. Resinlike materials, such 
as the epoxy resin in Waste 8 (Table 2), may polymerize in the 
formation and plug the pores. 

Waste mixtures may also react with clay minerals such as 
montmorillonite and illite (14) , found in most sedimentary rocks, 
causing the clay to swell and reducing the permeability of the 
formation. This problem is especially troublesome with dilute 
neutral wastes. Reactions of components in the waste with forma- 
tion brine or constituents of the formation matrix may cause the 
evolution of gas, which can produce high pressures and loss of 
permeability near the well bore. 

Where the degree of incompatibility between the formation 
brine and waste is high, a large volume (200,000 to 500,000 gal) 
of a nonreactive fluid can be injected ahead of the waste to act 
as a buffer between the two incompatible fluids. The degree of 
mixing in the formation between the injected fluid and native 
brine is relatively small. Mixing occurs in a thin transient 
zone, and its rate, quantity, and adverse effects depend on the 
chemical and physical properties of the native brine, the forma- 
tion, and the wastes. It is only when this mixing occurs in or 
near the well bore that severe problems arise. The nonreactive 
buffering fluid injected in front of the waste moves the mixing 
zone in the formation far away from the well bore so that incom- 
patibility is no longer an adverse factor. 

Because inorganic acidic wastes are highly corrosive, they 
present additional problems of acceptability for underground 
injection. Corrosion of surface equipment and well components 
can cause plugging of the formation from the insoluble reaction 
products. If corrosion can be minimized and initial incompati- 
bility problems eliminated by developing a buffer zone of non- 
reactive fluid, the injection of low-pH wastes proceeds with 
ease, regardless of the type of formation selected for injection. 

As injection proceeds, the permeability of the formation 
gradually increases. This fact was demonstrated with rock core 
samples in the laboratory experiments of Champlin and co-workers 
(4^). They injected a simulated acidic waste into several outcrop 
cores and examined the physical properties of the sandstone cores 
before and after injection of the acidic solutions. In every 


loosely bound with cementing materials, and (3) degradation of 
particles such as clay. 

The success that the steel companies are having with the 
injection of waste pickle liquor [ 2 ) into the Mount Simon Sand- 
stone is a good practical example of the injection of highly 
corrosive acidic wastes. Wastes 16 and 17 of Table 2 are two 
types of waste pickle-liquor hydrochloric and sulfuric acid, 
respectively. They contain a high load of iron that amounts to 
as much as 20 tons/day when injected at the current average 
rates. The wells disposing of these acidic wastes have been in 
operation for more than 15 years. 

Acidic wastes are also being successfully injected into 
limestone and dolomite formations (£r.7'£H • Reactions of these 
acids with the carbonate formations have not caused adverse 
permeability problems, perhaps because the carbon dioxide formed 
by the reaction is sufficiently soluble in the waste and forma- 
tion brines to be removed from the vicinity of the well bore by 
the fluid entering the formation. 

Organic Industrial Wastes 

The analyses of 15 waste mixtures that are aqueous solutions 
of organic waste constituents, many of which contain dissolved 
inorganic salts, are divided in Table 3 into categories that are 
most descriptive of the mixtures. The disulfide wastes (16 and 
17 of Table 3) are water-insoluble oils that are being injected 
successfully without any attempt to make them water soluble. 

The aldehydes, phenols, and nitriles have in common a 
marked tendency to form water-insoluble gums at the face of the 
disposal formation. Wells injecting such wastes must be stimu- 
lated periodically. Acidizing with a mixture of hydrochloric and 
hydrofluoric acids is the most common treatment, but it commonly 
is necessary to remove well tubing and reenter the well with 
drilling tools to remove the accumulation of gum from the forma- 
tion face. Hydraulic fracturing, induced by pumping liquid in at 
high pressure until the strata are ruptured, is also employed for 
stimulation of wells completed in consolidated sandstone or 
carbonate rock. 

The only other troublesome wastes listed in Table 3 are 
those containing low-boiling-point components that are irritants 
to the skin and mucous membranes, or are toxic. Wastes 2 and 3 
contain acrolein, and Waste 9 contains chloroacetic acid; both 


SURFACE EQUIPMENT 


Aqueous fluids scheduled for injection into subsurface 
strata must be free of suspended solids, oil, and qas. The 
solids create a restriction to flow at the face of the formation, 
commonly called the "skin effect," and the oil and gas decrease 
the permeability to the aqueous phase by competing for the flow 
channels. Therefore, the objective of preinjection treatment of 
wastes is to remove solids, oil, and gas, or to stabilize a waste 
that may have a tendency to form a second phase during injection. 

The selection of surface equipment depends on the physical 
and chemical properties of the waste and on the reservoir charac- 
teristics of the formation that has been selected for storage. 

The least complex systems are those designed to process wastes 
that are noncorrosive and free of suspended solids. The surface 
equipment required to process this waste includes: (1) a collect- 
ing tank; (2) transfer pipes; (3) an injection pump, if surface 
pressure is required for injection at the maximum flow rate of 
the waste; and (4) controls, such as float valves and recorders. 
There are a few such simple installations, but they are not 
typical because most industrial wastes cannot be injected into 
subsurface formations without previous treatment at the surface. 

Waste from a chemical plant is generally a mixture of 
several waste streams from separate manufacturing units, cooling- 
tower blowdown, laboratory sinks, etc. Hence, the waste-disposal 
system begins with a sewer line that delivers the waste composite 
to a collecting reservoir of sump. The simplest sump is a 
cement sump placed several feet below the surface to allow 
gravity drainage. If the sump has a retention time of less than 
1 hour, sedimentation of suspended solids will not occur to a 
large degree, and only an occasional raking of the sediment will 
be required. If a longer retention time is required in the sump, 
an automatic raking device usually must be installed to prevent 
sludge accumulation. 

Waste-collecting ponds up to 2 million gallons in capacity 
and lined with an impermeable material may be used. Such large 
ponds are used to provide a long retention time and also to allow 
for mixing of the wastes by convection. Hence, these ponds are 
used where the wastes comprise several waste streams of different 
composition. A great disadvantage to large ponds with long 
retention times is the growth of bacteria and algae. 


be removed by coagulation ana sedimentation. some wastes contain 
too much suspended solids for economical filtration, and the 
solids will not settle in sedimentation tanks without the aid of 
coagulants. Coagulants are also used where the disposal forma- 
tion has very small pores, because the pores will be plugged by 
fine suspended solids that cannot be removed efficiently by 
filtration. 

The size and type of injection pump to be installed are 
governed by the wellhead pressure, the volume of fluid, and the 
necessary rate of injection at peak loads. A few installations 
do not require an injection pump because the hydrostatic pressure 
of the column of waste in the disposal well exerts sufficient 
pressure at the subsurface face of the formation to inject the 
waste. If the wellhead pressure for waste injection is less than 
150 psi, simple single-stage centrifugal pumps can be used; but, 
at higher pressure, multiplex piston-type or multistage centri- 
fugal pumps are needed. Hence, selection of an injection pump 
must be delayed until the disposal well is ready for operation, 
and pumping tests can be made. 

Some requirements for surface equipment and pretreatment of 
waste can be determined by testing the waste and the water of the 
disposal formation. Results of such tests will indicate the 
compatibility of the formation water and waste, and are useful in 
determining the treatment required. Even though compatibility 
can be determined in the laboratory, conditions as they exist 
underground are difficult to duplicate. A laboratory mixture of 
the two fluids that apparently is satisfactory may be incompatible 
in the subsurface, or the opposite may be true. Bernard (3_) 
made some studies by pumping water solutions into sandstone 
samples that contained incompatible interstitial solutions. He 
did not observe a decrease in permeability that would have 
indicated plugging. 

Because of the diverse nature of chemical wastes and disposal 
formations, the surface equipment for a waste-injection system 
cannot be designed until the formation to be used has been 
examined. The wastes from chemical manufacturing operations also 
vary greatly in chemical and physical properties. Therefore, 
each injection system is unique because the surface equipment is 
designed to process a specific waste for injection into a specific 
local portion of a formation. The best way to discuss surface 
equipment is to cite several examples, ranging from the simplest 
to the most complex. Three examples selected from the lists of 
wastes in Tables 2 and 3 are used to illustrate the variety in 
design and operation of surface equipment. 


containing hydrochloric acid as a major constituent. However, 
the waste mixture is not complicated with suspended solids or 
undissolved oils that would have to be removed before injection. 
In addition, initial injectivity tests showed that the geologic 
conditions permitted the waste to be injected into the disposal 
formation, a vugular limestone at a depth of 4,000 ft (1,220 m) , 
at the maximum anticipated flow rate under gravity flow. No 
injection pump was needed to force the waste into the formation, 
and the absence of suspended solids eliminated the need for 
filtration. Only a collecting sump and a metering valve to 
control the flow of waste into the well were required. 


A 6-in., steel-jacketed, polyethlylene pipe transports the 
waste from the control valve to the wellhead, and the fluid 
pressure in this pipe is monitored. A light oil is maintained 
under pressure in the annulus of the well to support the fiber- 
cast tubing and to detect tubing leaks . A break in the tubing 
will cause an immediate change of pressure in the annulus. 

The flow rate (averaged over a 30-day period) is 200 gpm 
with a slight vacuum at the wellhead and 35 psi pressure in the 
annulus. The average temperature of the waste at the wellhead is 
120° P. Flow rates fluctuate from 450 gpm, which is in excess of 
the capacity of the well during periods of heavy rainfall, to a 
minimum of 110 gpm. 


Closed System 

A more complex system designed to process Waste 9 of Table 3 
is illustrated in Figure 2. The waste is a water solution, very 
low in pH, containing hydrochloric acid, acetic acid, chloroacetal 
dehydes, and chloroacetic acids. Although the organic concentra- 
tion of the waste generally does not exceed 3% the low-boiling 
chlorinated hydrocarbon compounds make this a very reactive 
solution which is extremely irritating to mucous membranes and to 
skin. Therefore, this waste is handled in a completely closed 
system. 

The selection of materials for construction of the surface 
equipment was a critical design consideration, because the waste 
is extremely corrosive to standard construction materials. Epoxy 
plastic pipe, Hastelloy C, 316 stainless steel, and titanium are 
used as required. 
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polymers that precipitate upon standing, and, at a pH greater 
than 5.0, a tarlike polymer is formed by aldol condensation of 
the aldehydes. 

Following pH control, the waste is filtered in rack-type 
pressure filters that are designed for backwash and precoat 
operation as completely closed systems. The processed waste is 
stored in a surge tank equipped with a liquid-level meter that 
controls the operation of the injection pump. As a final pre- 
caution, just prior to injection into one of the two wells, the 
waste is passed through a cartridge filter to remove any sus- 
pended solids that may have accumulated or formed during reten- 
tion in the surge tank. 

Two wells are maintained because the plant operation is 
completely dependent on the continued injection of the waste. 
There are no other provisions for disposal of this waste; hence, 
if only one injection well were used, failure of the well to 
receive the waste because of injection-tubing breakage, plugging, 
or other problems would result in complete shutdown of the 
chemical plant and considerable economic loss. 

The annulus between the injection casing and the tubing is 
filled with boiler feed water which is reduced in pressure from 
800 to 300 psi. The pressure of this fluid in the annulus is 
monitored continuously as a means of detecting tubing or packer 
leaks. Two single-stage centrifugal pumps connected in series 
are used to inject the waste at an average 350-gpm flow rate and 
400 psi wellhead pressure. 

Complex Open System 

One of the most complex of the industrial waste-disposal 
systems is illustrated in Figure 3. It was designed to process 
Waste 9 of Table 2 for injection into a "tight" limestone. The 
waste contains a large load of suspended solids and some oil as 
it enters the collecting pond. The oil is skimmed from the sur- 
face with an automatic skimmer that travels slowly across the 
pond. The skimmed oil is burned in an incinerator. The waste 
then is treated with coagulators to accelerate sedimentation of 
the suspended solids, and with waste hydrochloric acid for pH 
control . 

The sludge from the coagulator and backwash from the filters 
are sent to a drying bed, and the underdrain is returned to the 
collecting pond. A series of four leaf filters is used to filter 
the effluent from the coagulator, and the waste then is stored in 


Waste HCI Waste HNO 



FIGURE 3. -Complex Open Waste Injection System. 
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injection-pump manifold. The waste acids are collected sep- 
arately because the waste streams are not constant; therefore, if 
the acids were added directly to the collecting pond, they would 
cause wide variations in the pH of the composite waste. 

WASTE-INJECTION WELL DESIGN 
Drilling and Casing 

One of the most important criteria of a waste-disposal well 
is that it must be designed for complete protection of the near- 
surface, low-salinity aquifers through which the well is drilled. 
To accomplish such protection, a 12- to 18-in. -diameter hole is 
drilled to a depth at least 200 ft (60 m) below the deepest 
freshwater aquifer encountered. Surface casing (Fig. 4), at 
least 2 in. smaller than the hole diameter and equipped with 
centralizers, is run to the bottom of the hole. The annular 
space between the casing and the well bore is filled with cement. 
Experience with brine-injection wells has shown that this pro- 
cedure will protect the freshwater aquifers from contamination if 
the injection casing is damaged. 

After the surface casing has been installed, drilling is 
continued with an 8- to 12-in . -diameter bit through the potential 
disposal formations. Core samples of the potential disposal 
zones should be taken for laboratory examination, and the hole 
should be logged. 

When a suitable disposal formation is selected, a 6- to 9- 
in.-OD string of casing - the injection casing - is centered in 
the hole, and cement is circulated to the surface in the annulus 
between the casing and the well bore (Fig. 4). The well is 
completed in the disposal zone by one of many methods, depending 
on the nature of the formation and the waste intended for dis- 
posal. Three of the most commonly used completion methods are 
illustrated in Figure 5. 


Well Completion 

If the formation is friable, indicating that the well bore 
may tend to cave and fill the bottom of the hole, a cased-hole 
completion technique (Fig. 5A) is used to provide positive 
support for the well-bore walls. For this type of completion, 
the hole is drilled to the bottom of the disposal formation, 
casing is set, and cement is circulated to the surface. The 




FIGURE 4 -Waste-Disposal Well. 



as stainless steel. 

Where the disposal zone is a hard consolidated sandstone or 
a vugular carbonate formation, open-hole completion (Fig. 5B) may 
be used. Casing is set at the top of the disposal formation and 
cemented to the surface. Then an open hole is drilled to the 
bottom of the disposal zone. Open-hole completion also is used 
if corrosive wastes are to be injected, because products from 
corrosion of the casing in the disposal zone may plug the forma- 
tion. Corrosion will also cause casing adjacent to the disposal 
zone to fail, allowing the cement to crumble and fill the hole 
with debris. 

The third general type of completion, gravel pack (Fig. 5C) , 
is used in unconsolidated sands to prevent sand from filling the 
bottom section of the injection casing or tubing, and thereby 
restricting the flow of the waste solution. The sand and gravel 
pack together at the bottom of the casing to form a tortuous path 
for the sand moving toward the well casing. The formation sand 
jams and movement stops; however, space for unrestricted liquid 
flow is left between the grains of sand and gravel. 

Several other completion methods are used in unconsolidated 
sand. If the well is less than 2,000 ft (600 m) deep, air-lift 
valves may be installed in the annulus between the casing and 
tubing. Whenever sand restricts the flow of waste, the bottom 
section of casing can be cleaned of sand by blowing air through 
the tubing to lift the sand through the annulus. Another method 
is to perforate the casing with 1/10-in . -diameter pinholes 
adjacent to the sand formation (]j 0) . The sand may also be 
consolidated by treatment with epoxy plastic (ljL) . 

Sometimes the waste is injected directly through the injec- 
tion casing, but this practice is inadvisable for corrosive 
waste, even with plastic-coated pipe, since absence of pinholes 
in the plastic coating cannot be guaranteed. The injection 
casing is best protected by use of an injection-tubing string 
inside the casing. Although some tubing strings made of corrosion- 
resistant metal alloys are used, the most popular material is a 
fiberglass-epoxy tubing, because of its high resistance to corro- 
sive materials and its light weight. 

Usually a packer is installed at the bottom of the long 
string of tubing in the annulus between the casing and tubing 
(Fig. 5). Additional protection of the injection casing is 


tuning . 


A special type of completion is used in some of the wells 
designed for injection of waste steel-pickling liquor (Wastes 16 
and 17, Table 2). A packer is not used at the bottom of the 
tubing to seal the annular space between the tubing and casing, 
as illustrated in Figure 5B; instead, electrodes are installed at 
the bottom of the tubing in the annular space. Water is pumped 
continuously into the annulus at a pressure slightly greater than 
the pressure of the waste in the tubing, allowing a constant flow 
of water through the annular space. The conductivity of water at 
the bottom of the tubing is monitored to detect accidental entry 
of acid into the annular space. 

This brief discussion of well construction and completion is 
included only to show the principal features of design. A more 
complete presentation of the details of construction and proce- 
dures used in the construction of waste-disposal wells was given 
by Baker (1_) . 


FORMATION CHARACTERISTICS 

A subsurface-disposal system can be successful only if a 
porous, permeable formation of wide areal extent is available at 
sufficient depth to insure safety for storage and retention of 
the injected fluids. The stratum must be below all freshwater 
aquifers and confined vertically by rocks that, for practical 
purposes, are impermeable to waste liquids. In addition to the 
protection of usable water resources, the vertical confinement of 
liquid wastes also protects any developed or undeveloped hydro- 
carbon and mineral deposits. 

Rocks that comprise the earth's crust are classified as 
igneous, metamorphic, and sedimentary. Of these, sedimentary 
rocks, particularly those that were deposited in a marine 
environment, are most likely to have good injection character- 
istics. Under favorable circumstances, however, both igneous and 
metamorphic rocks can have sufficient porosity and permeability 
to receive large volumes of liquid. 

Some of the more suitable sedimentary rocks are sandstone, 
limestone, and dolomite. These rocks usually are porous and 
permeable enough to be used as injection zones. Naturally 
fractured limestones, dolomites, and shales may provide satis- 
factory injection horizons. However, the kind of rock most 
favorable for industrial waste disposal depends upon the chemical 
nature of the specific waste to be injected and should be deter- 
mined for each disposal project. 


adequate containment and monitoring of injected fluids. 

The injection zone must be isolated, both above and below, 
to prevent the vertical escape of injected waste. Unfractured 
sftale, clay, slate, anhydrite, gypsum, marl, and bentonite have 
been found by the petroleum industry to provide good seals 
against the upward flow of oil and gas ( 13 ) . The formation 
thickness required to confine liquid industrial waste cannot be 
rigidly established. A confining stratum only 10 or 20 ft thick 
may provide a satisfactory seal to retain oil and gas. However, 
the risk would be too great to use beds of this thickness to 
confine industrial wastes because the formation would be very 
susceptible to fracturing during waste injection and also could 
contain thin natural fractures as shown in Figure 6. 

Sedimentary rocks originally were deposited in uniform 
layers at the bottom of ancient seas; however, some were later 
uplifted, folded, and faulted by forces in the earth's crust into 
anticlinal (positive) and synclinal (negative) structures as 
shown by Figure 7. Oil and gas often occur in anticlinal folds 
because they are less dense than water and seek a position of 
lowest fluid potential. Hence, it is probable that injected 
waste with a density less than that of interstitial water would 
tend to remain trapped in a closed anticlinal structure (Fig. 

7A) , whereas waste with a density greater than interstitial water 
would tend to remain in a closed synclinal structure (Fig. 7B) . 

Faults, defined by Lahee (12.) as a failure along which there 
has been slippage of the contiguous masses against each other, 
offset strata and place them in contact with other older or 
younger beds of the same or different rock types, as shown in 
Figure 8. Fractured formations should not be considered for 
confining or disposal of wastes. 

Other geologic configurations suitable for the confinement 
of limited volumes of liquid waste, depending on their areal 
extent, are sandstone lenses with both vertical and horizontal 
confining beds (Fig. 9) and stratigraphic traps (Fig. 10). 

In addition to stratigraphy, structure, and rock properties, 
aquifer hydrodynamics may be significant in the evaluation of 
waste-injection well sites. The presence of a natural hydro- 
dynamic gradient in the injection zone will cause the injected 
waste to be distributed asymmetrically around the wellbore and 
transported through the aquifer even after injection has ceased. 
Several aspects of the subsurface movement of natural fluids or . 
injected wastes under a hydrodynamic gradient are discussed by 
Young and Galley (15) . 



FIGURE 6 rFluid Migrating Upward 

Through a Fractured Confining 
Formation . 




A. - Anticlinal structure with Injected liquid waste less dense than interstitial water. 



B .“Synclinal structure with Injected liquid waste denser than interstitial water. 

FIGURE 7 .-Configurations From Folded Sedimentary 
Rocks. 







FIGURE 8 .-Faulted Formation Showing How Injected 
Fluid Could be Lost to Another Formation. 



FIGURE 9 -Sandstone Lens With Horizontal and 
Vertical Confining Formations. 




available for waste storage by compression of the interstitial 
fluids (gas and brine) and the rock matrix. The reservoir pres- 
sure will gradually build to a point where continued injection 
would be inadvisable because of possible fracturing of the con- 
j ining strata. However , of the disposal installations that were 
studied in detail (6_) , no limitations of fluid injection were 
experienced as a result of excessive pressure caused by fluid 
confinement. 


Sandstone, vugular carbonate (limestone and dolomite) 
formations, and unconsolidated sand are the three general 
lithologic types that are currently being used for injection of 
industrial wastes. 


The permeability and porosity of unconsolidated sand units 
cannot be determined accurately in a laboratory. These pro- 
perties vary with the degree and method of compaction, and it is 
impossible to duplicate the subsurface conditions in a small 
laboratory sample. 

Some consolidated sandstone formations are quite homogeneous 
over wide areas; thus, laboratory analyses of permeability and 
porosity of cores taken throughout the thickness of the formation 
are very useful in well completion and analysis of problems that 
develop later in the life of the well. The Mount Simon Formation 
near Gary, Indiana, is being used for injection of waste steel- 
pickling acids, such as Wastes 16 and 17 of Table 2. The average 
porosity of 14.7% and permeability of 456 md are fairly consis- 
tent throughout the range in depth. 


Vugular carbonate formations are difficult to evaluate in 
the laboratory because the vugs are so diverse in size and 
shape, ranging from microscopic pinholes to vugs the diameter of 
a pencil. The best method of evaluation is through pumping tests 
after well completion. 


HISTORY OF AN INJECTION SYSTEM 


Source and Nature of the Waste : When the plant was put into 
operation in 1962, two large holding ponds were constructed in an 
attempt to contain and evaporate the waste generated in the 
plant. One of these ponds was unsuccessfully used as an algae 
stabilization pond in an attempt to control the BOD such that the 
waste might be disposed of into a nearby river. Because of lack 
of significant solar evaporation in the area, these ponds remained 
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Prior to 1965, the manufacturing facilities were confined to 
the production of acetaldehyde, butanol, and other organic com- 
pounds by cracking natural gas. The waste from these operations 
consisted of cooling-tower and boiler-water waste containing 
about 1.1 wt% organic compounds (Table 4). This waste is injected 
into Well 1, which was completed in July 1964, at a rate between 
417,000 and 576,000 gal/day. 

In 1965, the plant was expanded, particularly the acetaldehyde 
program, and hexamethylenediamine and vinyl acetate are additional 
products that were included during expansion of the plant. The 
volume of waste from the new units (Table 5) varies from 36,000 
to 280,000 gal/day. Since April 1965, this waste has been 
injected into a second well located 1,200 ft from the first well 
(9) . 


Geology : The wells are located near the Gulf Coast of 

Texas. The area is characterized by the outcrop of the Beaumont 
Clay. Recent alluvial deposits border the Colorado River and 
some of its tributaries. Immediately underlying the Beaumont 
Clay is the Lissie Formation, which extends to a depth of approxi- 
mately 1,300 ft. These Pleistocene rocks consist predominately 
of sand and sandstone with intercalated shale and clay and over- 
lie an undetermined thickness (greater than 11,000 ft) of largely 
undifferentiated sand, sandstone, and shale of Tertiary age. 

These Gulf Coast formations strike generally east-northeast and 
dip toward the southeast at approximately 30 ft/mile. 

The interval chosen to receive the fluid waste is a well- 
developed persistent thick sand bed of considerable areal extent. 
It occurs at a depth of approximately 3,400 ft and is about 250 
ft thick over several miles. Electric logs of oil exploration 
tests in the area indicate it to be predominantly well-sorted, 
fine-grained sand containing highly saline water. The interval 
is not productive of hydrocarbons in the region, the shallowest 
oil and gas production in the area being from the Frio sand at 
approximately 10,000 ft. 

Surface Equipment : The two waste streams are treated separ- 
ately, but in a similar manner. The waste from the various pro- 
cesses is accumulated in the process waste sump, which is a 
cement pit constructed low enough in the ground to take advantage 
of gravity drainage from the units. The composite waste is 
pumped from the sump to a settler-skimmer where oil and sediments 
are removed. 
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Acetaldehyde 

Acetaldol 

Acetic acid 

Butanol-1 

Butyraldehyde 

Chloroace taldehyde 

Crotonaldehyde 

Pheno 1 

Propionic acid , . * 

Inorganic constituents, ppm: 

Calcium 

Iron 

Magnesium . * 

Sodium 

Chloride 

Sulfate 

General Properties: 


Total hardness ...... ppm, . 

Conductance - . .micromhos . . 

PH •• 

Temperature 0 F . . 


TABLE 5. - Composition of waste injected into well 2, 


(Color: pale yellow, cloudy; odor: stale fish) 


1,000 

900 

5.000 
1,300 
1,100 

800 

400 

1,200 

2,200 

100 

10 

50 

3.000 

2.000 
100 

350 

10,000 

5 

160 


Organic constituents, ppm: 

Ammonia 

Amyl alcohol 

Cyclohexane 

Dodecane 

Hexanol 

1-Hexylamine 

1 ,2 -riexylamine 

Methanol 

Valeric acid 

Inorganic constituents, ppm: 

Ammonium nitrate, 

Sodium bicarbonate 

Sodium carbonate 

Sodium nitrate 

Sodium nitrite 

Copper 

Vanadium t 

Manganese 

General properties : 

pH 

Temperature , 


500 

600 

200 

100 

1,000 

1,400 

300 

200 

900 


4.000 

3.000 
600 

6.000 

7,000 

80 

20 

50 


F. . 


9 

120 


CUBIC METERS CUBIC METERS 




FIGURE 11. - Operating Histories of 
Two Injection Wells. 


PRESSURE, atmospheres PRESSURE, atmospheres 



filtration in two stages: (1) removal or tne major portion of 
the suspended solids with a leaf filter using diatomaceous earth 
precoat, and (2) final filtration with cartridge-type high- 
pressure filters. 

Two centrifugal pumps are used as needed to inject the waste 
from a surge tank into Well 1. Waste 2 is pumped from the 
setter-skimmer through two cartridge-type filters to a surge 
tank. Two centrifugal pumps are used as needed to inject the 
waste into Well 2. 

Well Completion and Operation : The surface casing of the 
first well consists of 10 3/4-in J-55 pipe set at a depth of 
1,500 ft and cemented to the surface to protect freshwater 
bearing sands. A string of 7-in J-55 casing is set from the 
surface to the bottom of the well at 3,750 ft and cemented in 
with a special acid-resistant cement. The injection string is 4 
1/2-in fiberglass tubing that is also cemented with the special 
acid-resistant cement. When this tubing was installed, the 
joints were made up with epoxy resin to insure a good seal. 
Perforations were made through both casings from 3,400 to 3,600 
ft. Injection was started in November 1964. 

Well 2 is 2,750 ft from Well 1. The surface string in Well 
2 is 13 3/8-in H-40 casing set at 1,400 ft and cemented to the 
surface to protect the freshwater-bearing sands. A string of 9 
5/8-in J-55 casing is set from the surface to the bottom of the 
hole at 3,750 ft and cemented in place. This casing is perfor- 
ated from 3,500 to 3,600 ft. Injection into this well was 
started in April 1965. 

Figures 11A and 11B show the well injection histories of 
Wells 1 and 2, respectively. The average monthly volumes injected 
and wellhead pressures remained in synchronization with no abnor- 
malities until November 1969, when an obvious increase in the 
wellhead pressure of both wells occurred. This is undoubtedly 
due to mutual interference between the wells that began in 
November 1969 and became progressively more pronounced as injection 
of fluid continued. 


CONCLUSIONS 

It is apparent that injection of liquid wastes into deep 
geologic formations can solve many difficult waste-disposal 
problems. However, limitations of the knowledge of how the waste 


consideration in the planning stages. 

The chemical and physical interactions of the waste consti- 
tuents with the geologic materials at the temperatures and 
pressures that prevail in the subsurface environment are unknown. 
However, there is some evidence to indicate that adsorption and 
chemical reaction will retard the advance of waste constituents 
away from the well bore. Instead of complete volumetric displace- 
ment, the waste constituents are probably stratified behind an 
advancing liquid front of water containing dissolved salts not 
too dissimilar from the native formation brine. Accurate predic- 
tions of the migration patterns of waste constituents cannot be 
made until the adsorption, chemical reaction, and ion-exchange 
properties of each component of the waste mixture are known. 

An accurate estimate of the total cost of a proposed waste- 
injection system can be made only when complete analyses of the 
waste, geologic formation, and native brine are available. A 
thorough evaluation of the waste must be made with respect to 
suspended solids, ranges of pH that promote precipitation, and 
chemical compatibility with the underground brine. The formation 
must be studied to determine the porosity, permeability, thick- 
ness, areal extent, lithology, and pore-size distribution. When 
these analyses are obtained, the design and cost estimate of the 
surface equipment and injection well can be made. 
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FOSSIL FUEL POWER GENERATION - ADVANCED METHODS (GASIFICATION) 
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SESSION 



J. A, Klein, C. H. Brown, and D. D. Lee 
Oak Ridge National Laboratory 


Data on the treatment of aqueous coal conversion waste are needed to 
ensure that water supply and quality are not adversely affected by the 
developing coal conversion industry. This work is not intended to develop 
new wastewater treatment processes, but to provide useful and timely in- 
formation on the application of known control technologies to coal conver- 
sion wastewaters. 

Samples of lignitic coal and steam-plant fly ash have been tested for 
their ability to remove polyaromatic hydrocarbons (PAHs) and refractory 
phenolics from aqueous streams. Removal of up to 99% of the organics was 
obtained with solid loadings as high as 15 mg/g. In experiments with a 
tapered f luidized-bed bioreactor, phenol reductions of n, 99.9% were achieved 
at phenol degradation rates of 7 to 10 kg per day per m 3 of reactor volume. 
Ozonation tests have shown that, with biologically treated wastewater, 99% 
of the residual phenol and 22 to 97% of the refractory PAHs, along with most 
of the associated colors and odors, can be degraded using ozone dosages of 
0,01 to 0.14 kg per thousand liters. Experiments using wet oxidation for the 
destruction of both soluble and absorbed organics have been initiated. 
(Research sponsored by the Division of Environmental Control Technology, U.S. 
Department of Energy under contract W-7405-eng-26 with the Union Carbide 
Corporation.) 


CONTROL ASPECTS OP UNDERGROUND COAL GASIFICATION 
a. Preliminary Environmental Results of the LETC Hanna III 
Underground Coal Gasification Experiment 
Joseph E. Virgona, Theodore C. Bartke, and John E. Boysen 
U.S. Department of Energy 
Laramie Energy Technology Center 

b. LLL Investigations of Ground-Water and Subsidence Effects*. 
S. Warren Mead, Francis T. Wang, and Harold C. Ganow 
Lawrence Livermore Laboratory 


Changes in ground-water quality and the possible effects of subsidence 
and ground movement induced by the underground gasification cavity represent 
significant environmental concerns associated with undergroundccoal gasifi- 
cation (UCG) . Parallel environmental studies are being conducted by the 
Laramie Energy Technology Center (LETC) and the Lawrence Livermore Laboratory 
(LLL) near Hanna and Gillette, Wyoming, respectively, to characterize these 


cermrnea* 


Their first paper (Part I) discusses the LETC Hanna III environmental 
studies. The Hanna III experiment (June-July, 1977) was designed primarily 
to provide information on the potential impacts of UCG on ground-water qual- 
ity and the environmental control technology implications of those impacts. 
In addition, parameters critical to the process itselt were examined. Pre- 
liminary results of the ground-water monitoring during the pre-operational, 
operational, and early portion of the post-operational phases will be pre- 
sented. 


The second paper (Part II) covers ground-water and subsidence measure- 
ments carried out at the sites of two in situ coal gasification experiments 
conducted in northeastern Wyoming by LLL. Ground-water measurements and 
complementary laboratory studies have helped to clarify the environmental 
significance of reaction-product contaminants that remain underground follow- 
ing gasification. Extensive roof collapse into the gasification cavity has 
been documented by subsurface geotechnical measurements. 

^Support for these investigations is provided by the Division of Environ- 
mental Control Technology (DOE/ASEV) , the Office of Research and Develop- 
ment (EPA/IERL-CI) , and the Division of Fossil Fuel Extraction (DOE/ASET) . 
This work was performed under the auspices of the U.S. Department of Energy 
by the Lawrence Livermore Laboratory under contract number W-7405-ENG-48. 


ANALYTICAL STUDY OF THE EFFLUENTS FROM A HIGH- TEMPERATURE 
ENTRAINED FLOW COAL GASIFIER 


L. D. Hansen, L. R. Phillips, R. B. Ahlgren, N. F. Mangelson, 
D. J. Eatough, and M. L. Lee 

Bringham Young University 


Effluent streams from a 100 pound per hour, pressurized, high tempera- 
ture, entrained flow coal gasifier have been found to be extremely clean com- 
pared to those of other gasifiers. The water-scrubbed gaseous effluent 
contained only CO, H 2> CO , N,, CH,, and traces of H S and HCN. The gas 
obtained by depressurization of thi scrubber water contained trace amounts 
ot S0 2 in addition to these other seven gases. Polycyclic aromatic hydro- 
carbons, the only non-volatile organic compounds found in the scrubber water, 


cems. Statistical analysis was used to determine the effects of the process 
parameters: coal type, coal feed rate, reactor pressure, oxygen to coal 

ration, and stream to coal ratio* 

Sufficient environmental control can be achieved by removing the H^S 
from the gaseous effluent using an appropriate commercial process and by 
separating the particulate matter from the scrubber water. Particulate 
matter separation methods include floculation settling, froth flotation and 
filtration. Floculation is probably the most economical of these separation 
methods. Laboratory bench scale separation tests and mass balance calcula- 
tions should provide valuable information as to which environmental control 
technology is most economically feasible. 


CLEANING PRODUCER GAS FROM THE *{ETC GASIFIER 


A.S. Moore, K. Pater, C. Ray, and R.J. Belt 

U.S. Department of Energy 
Morgantown Energy Technology Center 


ABSTRACT 


The Morgantown Energy Technology Center (METC) of the Department of 
Energy is developing a system to clean Low-Btu gas made from coal. The gas 
is generated in a prototype pressurized stirred fixed-bed gas producer de- 
veloped in earlier work at METC that gasifies 909 Kg/hr (1 tph) of caking 
bituminous coal. The objective is to clean the gas to the degree needed 
both by any end-use system consuming the gas, and to ensure that effluents 
from the end-use system meet emission requirement. This report described 
pilot-scale development of a prototype gas cleanup system using a side- 
stream protion of the full 4,248,000 lit/hr (150,000 scfh) gas output from 
the METC gas producer. A full-flow gas cleanup system, developed as a result 
of the sidestream pilot-scale test investigations, is being installed and 
tested in phases throughout 1978. Experience with particulate, tar, light 
oil, and alkali removal with the side stream scrubber and experience with 
particulate and tar removal in the developmental testing of the full stream 
scrubber are reviewed. 


Quench water is a principal wastewater from coal conversion processes . 
that employ wet cleaning of gasses* The origin of the water is moisture in 
the coal and steam injected into the coal conversion reactor. Depending 
upon coal composition the quench water contains chlorides, flour ides, ammonia, 
hydrogen sulfide and sulfur oxides. With tar producing coal conversion tech- 
nology the quench water also contains cyanides, thiocyanates, phenols and 
various organics. 

A two stage gas quenching process was proposed to absorb strong elec- 
trolytes in a small flow first-stage quench so as to improve the feasibility 
of reuse of the larger volume second-stage quench. A study was made to com- 
pare the technical and economic feasibility of two-stage quenching with 
conventional single-stage quenching. 

The study evaluated methodology for estimation of quench water charac- 
teristics and engineered a concept for accomplishment of the two-stage quench. 
The results indicated that strong electrolytes could be absorbed from the 
gasses to a high degree in a first-stage quench with a blowdown of from 5 
to 10 percent of the total condensate. The blowdown would be purged to 
waste disposal. The second-stage quench would collect 90-95 percent of the 
condensate containing a low content of strong electrolytes. The condensate 
containing weak electrolytes and organics would be treated by steam stripping 
and bioxidation prior to reuse as process water. Alternative disposal con- 
cepts were evaluated for two sites using representative Eastern and Western 
coals , 


ENVIRONMENTAL CONTROL ACTIVITIES ON 
SLAGGING FIXED-BED GASIFICATION AT THE 
GRAND FORKS ENERGY TECHNOLOGY CENTER 


R. C. E liman, E. A. Sondreal 
U.S, Department of Energy 
Grand Forks Energy Technology Center 


The 25-TPD pilot SFBG at the GFETC was reactivated in 1976 for the 
purpose of supporting the development and coihmercialization of the slagging 
fixed-bed gasification process. A major objective was the development of 
a detailed environmental assessment, including characterization of both 
gaseous and liquid effluents. This assessment will substantially apply 
both to the Hi-Btu demonstration plant currently being designed based on 
SFBG technology and to fixed-bed, dry-ash Lurgi gasifiers planned for 
first generation SNG plants. 


ment and application of sampling procedures and analytical methods for 
characterizing gaseous and liquid effluents; 3) studies on gas cooling, 
separation of tar and byproducts, and treatment of waste water; 4) studies 
on disposal of gasifier slag and other waste solids; 5) the relation of ef- 
fluent properties to gasifier operating variables, and 6) assessment of 
biomedical effects due to tars and waste water constituents. This report 
will present a summary of the assessment plan and selected data on the 
characterization of gaseous and liquid effluents performed to date. 


OVERVIEW OF THE SYNTHANE PILOT PLANT 
ENVIRONMENTAL ASSURANCE PROGRAM 

by 


R. P. Ladesic, R. L. Scott, and W. C. Peters 
U.S. Department of Energy 
Pittsburgh Energy Technology Center 

An historical account of the development and current studies of 
environmental monitoring and compliance at the SYNTHANE pilot plant 
will be presented. This account will include the experiences and 
problems in establishing monitoring programs in the following areas: 

Air: Noise: 

Ambient Monitoring Background 

Stack Testing In Plant 

Fugitive Emissions 

Water : 

Surface Water Control 
NPDES Sampling 
Continuous Water Monitoring 

Occupation Health: 

Problem and Direction 

In February and March 1975 the first ambient air background studies 
were undertaken at the SYNTHANE pilot plant. Subsequent to these 
initial studies an environmental monitoring and compliance program 
was developed incorporating the areas noted above. The cost of this 
program to date plus facilities and equipment amount to approximately 
three (3) million dollars. The experience provided in interfacing 
with the technology development and developing the environmental 
monitoring and compliance program can be of value to all who are in- 
volved in small scale and large scale development. 


Solid Waste: 

Characterization 

Disposal 


ABSTRACT 


Data on the treatment of aqueous coal conversion waste are needed 
to ensure that water supply and quality are not adversely affected by 
the developing coal conversion industry. This work is not intended to 
develop new wastewater treatment processes but to provide useful and 
timely information on the application of known control technologies to 
coal conversion wastewaters. 

Samples of lignitic coal and steam-plant fly ash have been tested 
for their ability to remove polynuclear aromatic hydrocarbons (PAHs) and 
refractory phenol ics from aqueous streams. Removal of up to 99% of the 
organics was obtained. In experiments with a tapered fluidized-bed 
bioreactor, phenol reductions of ^99.9% were achieved at phenol degrad- 
ation rates of 7 to 10 kg per day per m^ of reactor volume. Ozonation 
tests have shown that, with biologically treated wastewater, 99% of the 
residual phenol and 22 to 97% of the refractory PAHs, along with most 
of the associated colors and odors, can be degraded using ozone dosages 
of <0.25 kg per thousand liters. 


1. INTRODUCTION 


The abundance of this country's coal resources, relative to those 
for crude oil and natural gas, has prompted both the Federal government 
and industry to undertake an intensive effort to develop processes for 
converting this solid form of energy into substitute gaseous and liquid 
fuels. Water is an essential raw material for these coal conversion 
processes. Process cooling is only one of the many reasons for this 
dependency. Often more than 30% of the energy in the coal feed is dis- 
carded as water vapor in the cooling towers. The impurities in the 
makeup water are discarded as wet sludges and/or blowdown streams 
heavily laden with contaminants. Water is also used as a source of the 
hydrogen needed to raise the atomic hydrogen-to-carbon ratio of coal 
from <1.0 to the approximate 1.5 to 3.5 values found in crude oil and 
natural gas, respectively. Depending on the hydrogen production process, 
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all types of coal conversion facilities will total nearly 700 million 
tons/year. 1 

Environmental and economic reasons will compel developers of coal 
conversion processes to maximize water reuse and to reduce pollutant 
levels in aqueous effluents. Because of the economic incentives 
favoring location of a coal conversion facility close to the mine mouth, 
water resources available to such a plant will be either relatively 
scarce and highly competed for by nonindustrial users such as farmers , 
municipalities, and recreationists (as in Colorado, Wyoming, Montana, 

North Dakota, and New Mexico), or they will be relatively abundant but 
heavily used by other industrial facilities (as in Kentucky, West Virginia, 
and Illinois). Environmental considerations aside, recovery of dissolved 
"pollutants" as process by-products (e.g., phenol) may become economically 
desirable because of raw material scarcities; however, it is difficult to 
justify at the present time, except for very large-scale conversion plants. 
Thus, ensuring the availability of adequate technology for treating the 
wastewaters from coal conversion processes may be as necessary a part of 
fostering the commercialization of a synthetic fuels industry as the 
development of the coal conversion technology itself. 

Only recently has the development of the necessary control technology 
for the cleanup of coal wastewaters gained sufficient emphasis to consider 
its integration into the coal conversion implementation program. However, 
most control technology studies are considered to be add-ons for a particu- 
lar coal conversion process. Unfortunately this viewpoint is often 
encouraged by the separation of those charged with the development of the 
technology from those investigating the technology available for the 
cleanup of aqueous streams. In many cases, judicious design of the various 
individual conversion process modules could allow minimal control modi- 
fications to clean up much of the wastewater problem. Given that the 
discharge of a wastewater stream is unavoidable, the determination of the 
amount of cleanup needed is a function of both present and future effluent 
regulations and of the proposed use of the effluent water. The develop- 
ment of these future regulations is presently causing a good deal of 
concern to those within EPA and to other investigators in the field. 


2. COMPOSITION OF COAL CONVERSION WASTEWATER 


2-5 

Recent studies of several coal gasification and liquefaction 
processes have identified the following operations as sources of waste- 
water: (1) separation of excess water from raw liquid products, 

(2) quenching and scrubbing of raw fuel gas, and (3) desulfurization 
and demetallization of raw liquid products. Other parts of the overall 
processes will provide additional sources of wastewater: (1) coal storage 
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wastewaters, generalizations can be formulated, depending on the type of 
process, operating conditions, and the nature of the coal used. The major 
constituents and concentrations of a representative wastewater are listed 
in Table l. 2 The high phenol and ammonia concentrations are typical of 
coal conversion process wastewaters, whether they are condensation liquors 
or scrubber waters. Also listed are the concentration ranges expected in 
future Federal regulations for a variety of components. Standards for 
related industries such as coking and petroleum refining were used to 
develop these values 2 , 6-7 because there are as yet no regulations for 
the coal conversion industry. As shown, the levels of all the components 
listed will far exceed the limits of the anticipated regulations. 

Individual variations do exist between the component concentrations 
of the various wastewaters. Although these variations are not shown, 
they may be quite important in the consideration of specific control 
technologies. The presence of a significant quantity of a metallic com- 
pound, for example, could alter the effectiveness of a biological or 
oxidative treatment system. 

A survey of the literature reveals a number of presently available 
and proposed technologies for the cleanup of wastewaters with compositions 
similar to those indicated in Table l. 2 As expected, they represent a wide 
range of removal efficiencies, final residual concentration levels, and 
costs. Efforts to obtain the relative economic costs of various environ- 
mental control technologies for the treatment of aqueous wastes from coal 
conversion processes have been completed. 2 Six processes have been identi- 
fied as potentially promising in this area: ozonation, adsorption, 
biological degradation, solvent extraction, membrane processes, and 
coagulation-flocculation. The economic position of the various control 
technologies is shown in Fig. 1 where treatment costs are plotted versus 
residual organic levels. 


3. ORNL'S WASTEWATER TREATMENT PROGRAM 


ORNL's involvement in environmental control technology consists of 
an assessment and screening test evaluation of the amenability of coal 
hydrocarbonization wastewater and other coal conversion wastewaters to 
various treatment technologies. As part of this program, a flow sheet 
was proposed that takes advantage of several available unit operations 
and addresses the complete treatment of coal conversion wastewaters. 

This processing scheme is shown in Fig. 2 and includes physical, chemical, 
and biological treatment of the waste stream. The unit operations that 
are being investigated at ORNL include the bioreactor, the adsorption 


Table 1. Composition of a typical coal conversion wastewater 


Component 

Concentration in 
wastewater 
(yg/ cm3) 

Limits of anticipated 
regulations 
(yg/cm 3 ) 

Phenol 

6,000 

0.03-0.3 

nh 3 

10,000 

O 

LO 

1 

CO 

o 

h 2 s 

1 ,000 

0.02-0.2 

CN' 

100 

0.02-0.1 

SCN" 

500 


PAH 

10 


TOC 

20,000 

BOD 4-30 

COD 20-350 
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Fig 1 Economic costs of environmental control 
technologies for aqueous coal conversion wastes. 



o 

z 

X 

CO 


C\J 

cn 


Proposed integrated flow sheet for treatment 
of aqueous coal conversion wastes. 
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a commercial -scale, 30,000-ton/day SRC-I coal conversion plant producing 
^3000 gal of wastewater per hour. 

A tapered fluidi zed-bed bioreactor that has been adapted to the 
treatment of coal conversion wastewater is used in the biological step. 
This tapered fluidi zed-bed bioreactor system, shown in Fig. 3, consists 
of a tapered (2.5- to 7.6-cm) section containing a solid support to 
which bacteria can adhere. The solid support, which is generally a 
substance such as coal or sand of ^30/60-mesh particle size, is fluid- 
ized by the flow of the waste stream to be treated. The tapered bed 
permits a wide range of fluidizing conditions and allows for expansion 
of the bed as biomass accumulates on the particles. In addition, the 
tapered section produces few large eddies and tends to minimize back- 
mixing when used for two-phase (i.e., liquid-solid) systems. 

The chief advantage of the fluidi zed-bed system is the high con- 
centration of bacteria, 8 which is made possible by the large surface 
area available on the small particles. Also, particles with excess 
cells can be easily removed and fresh particles added to the reactor 
while operation continues. In cases where oxygen is needed for metab- 
olism, the reactor is operated as a three-phase fluidized bed and is 
sparged with oxygen. 

The unit, which has been in operation for more than 1.5 years, has 
treated the aqueous waste produced by the ORNL Coal Hydrocarbonization 
Bench-Scale Facility. Some preliminary results indicate that the tapered 
fluidized-bed bioreactor in a single contacting stage can reduce the 
phenol and thiocyanate levels in the aqueous waste to S 1 yg/cm^ and 
1 to 5 yg/cnw, respectively, at rates up to 5 to 10 kg of phenol and 
1.5 to 1 kg of thiocyanate per m^ of reactor volume per day at a flow 
rate of 500 cm^/min. In the fluidized-bed bioreactor using the hydro- 
carbonization scrubber water as a reactor feed, and when operated for 
phenol degradation, the total soluble organic content is reduced an aver- 
age of 95%, whereas phenol is reduced an average of >99.5%. The concen- 
trations of other organic components (PAHs, xylenols, etc.) are also 
decreased to some extent, depending on the chemical species involved 
and the residence time available in the reactor. 9 

As a final polishing step to remove any biologically refractive 
compounds, ORNL is assessing the feasibility of using adsorptive ma- 
terials other than expensive activated charcoal. Recent investigations 
have centered on synthetic resins, fly ash, and several lignitic coals. 
Although the ash and coals do not have the very high adsorptive capacity 
of activated charcoal, they generally have relatively high surface areas 
of ^250 m^/g, as measured with CO 2 . 

Both batch sorption tests (isotherm tests) and column screening runs 
have been performed. In the batch tests, 40 ml of the waste solution and 






in some of these resins; however, the 4-hr results were not included due 
to insignificant adsorption. 

Column screening tests have recently been performed with two Texas 
and one North Dakota lignite coals on synthetic wastewater and actual 
wastewater from the ORNL Coal Hydrocarbonization Facility and a coal tar 
chemical plant. For the synthetic solutions, both naphthalene and phenan- 
threne were used as representative, but noncarcinogenic, PAH. 

These tests were performed in a packed bed consisting of a 50-ml 
burette loaded with ^33 g of coal and operated in the upflow mode. The 
results of one series of tests are shown in Table 3. Because column 
breakthrough was not reached in most cases, the contaminant loadings 
reported in Table 3 are minimum values. 

Ozonation, an attractive choice for a final cleanup step, is being 
investigated. In this case, ozonation, normally considered an expensive 
choice for effluent cleanup, would be used to destroy only those refractory 
materials that pass through biological treatment. For these screening 
tests, a small batch ozone reactor was used to treat ORNL biotreated coal 
hydrocarbonization scrubber water. This system, shown schematically in 
Fig. 4, consists of a corona discharge ozone generator with a maximum out- 
put of 4.5-g/hr, a 1.2-liter reactor, impingers for ozone concentration 
determination, and a flow-through fluorescence detector. The flow monitor 
is used to continually follow changes in native fluorescence, which is a 
gross indicator of the relative abundance of polynuclear aromatic material 
(PAH). Samples are extracted periodically and analyzed for total organic 
carbon and phenolic content. 

Some preliminary results indicate that ozonation can reduce the 
phenol and PAH levels in the aqueous wastes to ^ 0.1 pg/cm-^ and ^ 0.25 
pg/cm^, respectively, with contact times of 15 min or less. In the ozone 
reactor, the phenol and PAH levels were reduced by 95 to 98%. Optimum 
operating conditions appear to be 20 to 35°C; pH, 11.2; gas flow, MD.3 
liter/min; and inlet ozone concentration, 70-150 mg ozone per liter of 
oxygen. Outlet ozone concentration and fraction ozone utilized were not 
measured. The effects of flow rate, pH, and temperature on rate of 
fluorescence decrease are shown in Figs. 5 to 7. 


4. ONGOING WORK 


The objective of our present work is to characterize the effective- 
ness of the various treatment systems for the cleanup of aqueous coal 
conversion wastes. Since a number of these concepts are still in the 
developmental stage, an integrated procedure has been formulated to test 




Naphthalene 
(PPm) 

Anthracene 

(PPm) 

Benzanthracene 
_ (PPm) 

Phenanthrene 
(PPm) 

Sorbent 

0.3 

3.0 

0.0375 0.075 

0.002 

0.01 

0.232 

1.16 

Activated 

carbon, 1 mg 

4 hr 

0.79 

0.78 

0.73 0.50 

0.88 

0.90 

0.91 

0.43 

16 hr 

0.88 

0.96 

0.87 0.90 

0.94 

0.95 

0.90 

0.77 

Resins, 16 hr 

Chelex 100, 

1 9 

0.69 

0.22 






I R- 120, 

i g 

— 

0.58 

-- 


-- 

0.78 

0.93 

IRA-400, 

i g 

0.83 

0.92 

-- 

— 


1.00 

1.00 

0.1 g 

0.40 

0.41 

1.00 0.97 

1 .00 

0.90 

0.97 

0.84 

AG-MP-50, 

i g 

— 

-- 

0.30 0.75 

— 


1.00 

0.92 

Ash, 1 g, 4 hr 

John Sevier 
fly ash 


0.68 





0.93 

Ki ngston 

fly ash 

-- 

0.78 

-- 

— 

— 

— 

0.96 

Wyodak hydro- 
carbonization 
ash 

— 

0.59 

-- 

— 

-- 

-- 

0.89 


Hydrocarbonization wastewater 

Phenol 4.0 (ppm) Total carbon (107 ppm) 


Texas lignite 
1 g, 3 hr 


0.20 


0.10 



Table 3. Adsorption of contaminants from wastewater 
in a packed column 3 



All tests run in a standard 50-m& burette with ^33 g of sorbent. 
^Total carbon. 

[Polynuclear aromatic hydrocarbon. 

Total organic carbon. 

; Phenol . 
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Fiq. 4. Schematic drawing of batch ozonation system. 
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Fig. 5. Ozonation of hydrocarbonization wastewater 
Effect of gas flow rate. 
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Fig. 6. Ozonation of hydrocarbonization wastewater. 

Effect of pH. 
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Fig. 7. Ozonation of hydrocarbonization wastewater. 
Effect of temperature. 



for characterizing the efficiency of environmental control methods 
for any coal conversion effluent. For the initial effort, untreated, 
biotreated, and fully treated material from ORNL's hydrocarbonization 
experiments will be analyzed, fractionated, and tested for both acute 
and mutagenic toxicity. 

Future studies will continue to concentrate on removing toxic 
organic and carcinogenic compounds. However, additional work will 
include integrating the individual cleanup methods into a complete 
cleanup system similar to the one shown in Fig. 2. 


5. CONCLUSIONS 


Although several gasifiers are being developed that are theoreti- 
cally capable of being operated under conditions in which they should 
produce little, if any, aqueous discharge, most of the developing coal 
conversion processes will produce large quantities of effluents. Because 
any sour gas cleanup or wet scrubber will transfer pollutants to a water 
stream, aqueous discharges will be of great concern and will contain size- 
able amounts of known toxic and carcinogenic compounds. Present standards 
do not call for specific levels of treatment; however, future standards 
will surely be more stringent and will mandate extensive control technology. 

The screening of a number of available control technologies has demon- 
strated that a combination of control technologies can conceivably be used 
to produce an acceptable effluent water stream. To date, however, these 
technologies have not been tested on actual wastewater in the field. 

Several coal conversion processes are presently being considered for 
demonstration-level projects. If indeed the purpose of these projects 
is to demonstrate the commercial feasibility of these processes, then it 
should also be desirable to demonstrate their environmental acceptability. 

Wastewater processing trains incorporating some of both presently 
available and advanced techniques should be constructed and used to treat 
various coal conversion wastewaters. Although it is not practical to 
design these pilot treatment processes to treat all the wastewater from 
any of the various demonstration plants, they should provide data on the 
treatability of actual wastewater streams and allow evaluations of the 
various technologies. 
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ABSTRACT 


Since 1972 the Laramie Energy Technology Center (LETC) has been seeking 
an economically viable process for gasifiying coal underground (1-7). The 
LETC has been investigating the potential environmental impacts associated 
with underground coal gasification (UCG) at four UCG test sites near Hanna, 
Wyoming (8-10). The Hanna III experiment (5-7) was designed to provide 
information on the potential impact of UCG on groundwater quality and the 
environmental control technology implications of those impacts along with 
parameters critical to the process itself. Environmental objectives were: 

(1) to characterize the pertinent aquifers, (2) to determine preoperational 
water quality in the aquifers, and (3) to assess the impacts of UCG on ground- 
water quality. 


INTRODUCTION 


The first United States field test of in situ or underground coal gasifi- 
cation (UCG) were started in 1947 by the U.S. Bureau of Mines (11-14) at 
Gorgas, Alabama and lasted through 1958. The overall results of these tests 
were disappointing because seam thickness and coal type were not favorable for 
UCG. In addition, the economic climate was poor because of the availability 
of large quantities of cheap oil and natural gas. 

Gulf Research and Development Company (15) conducted a small test in 
western Kentucky in 1968. The test produced a very high heating value product 
gas for an air injection system, but the reaction was limited to devolatiliza- 
tion. The test also showed that air injection pressures above overburden 
pressure could be used to enhance the permeability of the coal seam. 

The current U.S. program was developed in the early 1970’s, but differs 
from the earlier programs in being highly instrumented, modeled, and analyzed. 
This program addresses coals of different ranks, geographical areas, angles of 
dip, operational techniques, and product gas utilization. All processes under 
development are designed to complement surface technologies and recover the 
resource that is either too thin, deep, or steeply dipping for the conven- 
tional recovery methods. 


with the WCT Program divided into the Western Low Btu Gas/Air (WLBG) and 
Western Medium Btu Gas/Steam-Oxygen (WMBG) Projects. 

The WLBG Project (1-10) has been conducted by the Laramie Energy 
Technology Center (LETC) since 1972 near Hanna, Wyoming. The LETC has 
developed the Linked Vertical Well (LVW) linkage process to increase the 
permeability of the coal seam. Sandia Laboratories has provided instrumenta- 
tion and monitoring to LETC since 1974. 

The WMBG Project (16-21) has been conducted by the Lawrence Livermore 
Laboratory (LLL) at Hoe Creek, Wyoming in the Powder River Basin since 1975. 
LLL has increased the permeability of the coal seam by explosive fracturing, 
LVW, and deviated borehole drilling. 

The ECT Project (22) which is investigating methods of in situ gasifica- 
tion of near market, swelling coals is directed by the Morgantown Energy 
Technology Center (METC) . The CO-Flow Stream Concept developed by METC is 
planned for field testing in FY 1980 either at its Princetown, West Virginia 
test site or at an alternate test site yet to be determined. 

The SDB Technology (coal seams greater than 35 degrees relative to the 
earth’s surface) is being developed by Gulf Research and Development Company 
near Rawlins, Wyoming, through a DOE contract (23). This first phase of this 
project (site selection, characterization, and preliminary design) has been 
completed, and the first field test is planned for late FY 1980. 

There are also some active privately funded UCG projects, but they will 
not be discussed in this paper. 

An integral part of the technology development is a program to determine 
the potential environmental impacts associated with UCG and the control 
technology that may be needed not only to meet State and Federal environmental 
regulations but also for end product utilization. This paper will discuss 
portions of the environmental programs (groundwater and subsidence) associated 
with the WLBG and WMBG projects. 

The LETC has been investigating the potential environmental impacts 
associated with UCG at its four UCG test sites near Hanna, Wyoming, (Figure 1) 
on land made available by Rocky Mountain Energy Company (a subsidary of Union 
Pacific Railroad) . Complementary studies are also being conducted on other 
types of coal and seams (18-21). Three primary environmental concerns associ- 
ated with UCG are: 

1. Effluent gas quality 

2. Surface and subsurface water quality 

3. Subsidence effects 
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Figure 1. LVW Process Description 
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air flow. As the fire proceeds, carbonization of the coal produces volatiles 
and leaves a highly porous, permeable pathway between the wells (D) . This 
preparation process, known as reverse combustion linking, is necessary since 
virgin coal generally does not have sufficient permeability to allow the high 
air injection rates needed for efficient gasification. Upon completion of 
linking, high volumes of air are injected at low pressure (E), expanding the 
combustion zone towards the initial ignition well where the gases generated 
during linking and gasification are recovered. This expansion generally has a 
spherical geometry with some distortion toward the production well due to the 
presence of the linkage pathway. The expansion of the gasification proceeds 
at a rate of about 1 to 2 feet per day and grows in width up to two-thirds of 
the well spacing by the time the front reaches the production well. This 
results in efficient utilization of the coal between the two wells as shown in 
(F). 


The combustible gases produced are hydrogen, methane, carbon monoxide, 
ethane and propane. Nitrogen and carbon dioxide are also produced, but have 
no heating value and dilute the product gas. The process yields 120 to 185 
Btu/scf gas. This low-Btu gas can be economically produced (24-26) and effi- 
ciently used in a gas-fired turbine or a gas-fired steam boiler to produce 
electric power. 

The Hanna III experiment (5-7) was conducted for approximately seven 
weeks during June and July 1977. About 2800 tons of coal were gasified during 
the 38 day gasification period with production rates of up to 10 MM scf/day. 
The average heating value was 138 Btu/scf with an average thermal efficiency 
of 78 percent for gasification. Water was added to several of the wells 
during the gasification phase. 


HAMA III OBJECTIVES 


The primary objective of the Hanna III experiment was to study the 
effects of an UCG process on associated aquifers. Three sources of ground- 
water degradation appear possible. One potential source of degradation 
results from large amounts of water being removed from the coal as steam with 
the product gas. This causes the remaining groundwater to carry on increased 
salt load. Another source of degradation comes from the thermal degradation 
or transformation of mineral matter within and around the coal seam, with 
influxing groundwater leaching inorganic salts from these materials thus 
increasing the inorganic salt load. Organic byproducts produced during 
carbonization of the coal are swept to the surface with some being left behind 
as a third source of groundwater degradation. These liquid by-products 
consist principally of pyridines , phenols, and neutral aliphatic and aromatic 
hydrocarbons. Any of the organic materials left in the underground system 
might eventually be dispersed throughout the groundwater regime where communi- 
cation exists. 
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primarily being conducted to allow determination 01 necessary environmental 
control strategy, several parameters critical to the process itself were also 
examined. Table I lists the specific objectives of the Hanna III experiment. 


EXPERIMENT 


The Hanna III experiment can be divided into three phases: 

1. Preoperational (Baseline) - Prior to Julian Day (JD) 157, 

2. Operational - JD 157 through 211, and 

3. Postoperational - after JD 211 

with the operational phase divided into three stages: 

a. Start-up - JD 157 through 162, 

b. Linkage - JD 162 through 173, and 

c. Gasification - JD 173 through 211. 

Twelve monitor wells were strategically placed within and downdip from 
the gasification test area (Figure 3). Wells 1 and 2 were the process wells; 
wells 3, 4, 5 and 14 were monitor wells for the upper aquifer; and wells 6-13 
were monitor wells for the coal seam. 

Preoperational monitoring of aquifer characteristics and baseline ground- 
water quality was conducted. Upon completion of this initial characterization 
work, wells 1 and 2 were linked by reverse combustion, followed by gasifica- 
tion from well 1 to well 2. During the test, temperature, hydrostatic 
pressures, and electrical conductivities were continuously monitored in each 
of the monitor wells. (Continuous monitoring of these parameters were planned 
during the postoperational phase, but the postoperational burn zone conditions 
have made these probes inoperable and were subsequently removed) . The temper- 
atures and pressures yielded data on water level and temperature changes as a 
function of both time and process parameters. 

Three sets of water samples from each of the fourteen wells in the Hanna 
III pattern plus three sets from Corehole #4 near the Hanna II site (a well 
cased and completed to the Hanna #1 seam approximately 800 feet NNE of the 
Hanna III site) were collected, fractionated, and analyzed, prior to the test. 
Table II shows the components for which analyses were performed and the 
fractionation and preservation techniques used. Selected samples were 
analyzed for the organic constitutents by GC-MS (Gas Chromatography-Mass 
Spectroscopy) , 

The well pattern was also designed to obtain the permeabilities and 
porosities (transmissivities and storage coefficients) and the continuity and 
directional nature of both the coal seam aquifer and the overlying aquifer. 
Data on drawdown and pressure build-up tests were obtained by pumping wells 10 
and 1 (in turn) for the seam and well 3 for the overlying aquifer. 






^ injection or production well 
O well completed into overlying aquifer 
® well completed into coal seam 



Figure 3. Hanna III 


FRACTION PRESERVATION TECHNIQUE ANALYSIS 
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TABLE Hi Hanna III Fractionation and 
Preservation Techniques 


(18-24 months) to determine adsorption rates as a function o± time and 
distance from the source, the extent of the interconnection between the two 
aquifers, and the groundwater quality changes resulting from migration of 
leached species. 


RESULTS AND DISCUSSION 


Preoperational 

The initial results of the analyses from the 14 wells at the Hanna III 
site and from Corehole #4 indicated that the waters contain predominantly 
sodium bicarbonate. The preoperational samples from the wells at the Hanna 
III site can be differentiated on the basis of total dissolved solids (TDS) 
levels and well location, i.e., in the coal seam or in the overlying aquifer. 

A comparison of some water quality parameters of the two groupings is given in 
Table III. The samples taken from the coal seam show considerably higher TDS 
levels and higher concentrations of sodium, bicarbonate , and sulfate. 

The composition of these waters was such that they produced a high sodium 
absorption ratio, which would render them unacceptable for irrigation. The 
residual sodium carbonate levels were also high and indicated alkali problems 
would develop if this water were used for long-term irrigation. When the 
quality of the water in the overlying aquifer is compared to the proposed 
Wyoming Department of Environmental Quality (DEQ) groundwater quality regula- 
tions (27), it meets most of the requirements of a Class V water (is or has 
the potential for being used as livestock water) , but the high concentrations 
of fluoride and mercury may lower this groundwater to a Class VI (is or has 
the potential for being beneficially used) or Class VII (the potential for 
beneficial use shall be determined). The quality of the coal seam aquifer 
meets the DEQ requirements for a Class III water (has the potential for being 
used as domestic water) , but again the fluoride and mercury concentrations may 
reduce the groundwater to a Class VI or Class VII. Preliminary results of the 
organic analyses by GC-MS showed that only one sample (Well 13) contained 
extraneous organic compounds (28) . 

Pre-operational drawdown tests showed that the two aquifers were not 
connected. The undisturbed water level in the coal seam was 120 ft. from the 
surface while the upper aquifer had water 95 ft. from the surface. Thus, the 
two zones could be tested independently of each other. The calculated axis of 
major permeability in the Hanna III site lies 82° east of north. The average 
permeability for the seam is about 5 md, but the zone is heterogeneous. The 
upper zone exhibits an even more marked directional nature or heterogeneity, 
but its average transmissibility is about the same as that of the coal seam 
(29). 


TABLE III 

Comparison of the wells at the Hanna III site 
(all values reported as mg/ 1, with the average 
given first, followed by the range found) 
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Wells 1, 2, 6, 7, 8, 9, 10, 11, 12, 13 and Corehole 4. 
Wells 3, 4, 5 and 14. (Overlying Aquifer) 


but responses were observed during gasification* Well 3 responded first, as 
expected, and within ten days responses were observed in the other wells 
completed into the overlying aquifer. 

The temperature remained constant (45-55 F) during the start up and 
linkage phase. During gasification temperature increases of about 50 F were 
observed at wells 6 and 12 from JD 178 to 200, and then at wells 7, 10, and 11 
from JD 200 to 204. No temperature changes were observed at wells 8, 9, and 
13. This sequence of well response follows the gasification progression from 
well 1 to 2. (There were no coal seam thermocouples to track the burn pro- 
gression as in the other Hanna experiments.) Temperature increases in the 
overlying aquifer (well 3) were observed on JD 198 (Figure 4) which indicated 
breakthrough into the aquifer. No temperature responses in the other wells 
were observed. 

The conductivity probes indicated changes in loading level in wells 9 and 
13 during start up. This response probably resulted from the ignition and air 
injection into nearby well 2, and the production gases following a more perme- 
able zone leading towards wells 9 and 13. During the link, the conductivity 
of the water in the coal seam aquifer remained constant, and during start up 
the conductivity of the overlying acquifer remained constant. It is apparent 
from both the previously discussed linkage temperature data and this conduc- 
tivity data that the linkage path did not intersect or come close enough to 
the temperature or conductivity probes to generate a response. 

During gasification conductivity responses were observed within the first 
five days at wells 9 and 13. These wells were also the first to show conduc- 
tivity responses during start up. Production gases from the gasification zone 
probably again followed a more permeable zone to these wells. Well 10 located 
between wells 2 and 9 responded on JD 203. Wells 7, 8, and 11 remained constant. 

Increased conductivity levels were observed at well 3 in the overlying 
aquifer on JD 187 (Figure 4) indicating product gas seepage into the overlying 
aquifer. Wells 14 and 4 responded approximately five days later, but well 5 
remained constant. (Anemolies were observed in the well 5 probes since they 
were installed). 

Hydrostatic pressure, conductivity, and temperature responses at well 3 
were observed on JD 184, 187, and 198, respectively. The pressure response 
indicated that there was communication (fissures and coal shrinkage) between 
the coal seam and the overlying aquifer. As the gasification cavity increased 
in size and overburden sluffing continued, additional fractures penetrated 
into the overlying aquifer allowing product gas into the aquifer resulting in 
conductivity increases. Finally, on JD 198 additional roofall caused commun- 
ication between the gasification zone and the overlying aquifer. 


Wells 6 and 12 showed opposite temperature and conductivity responses. 

The temperature increased, remained constant for three weeks (JD 178-200), and 
returned to its original level. Three days later the conductivity probes 
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Pos tope rational 


Early postoperational hydrostatic pressure, temperature, and conductivity 
data have not been analyzed and interpreted due to computer data retrieval 
problems. This data will be retrieved and analyzed in the near future. 

Preliminary results from the first month's postoperational water quality 
monitoring appear to indicate that the sulfate and chloride concentrations are 
decreasing and sodium and total dissolved solids are increasing in all wells. 
Organic characterization data are not yet available. 


CONCLUSIONS 


Preoperational water quality data indicates that the natural groundwater 
would be unacceptable for short and long term irrigation, and when the quality 
is compared to the proposed Wyoming Department of Environmental Quality Groundwater 
Regulations, it may only meet the requirements for a water that has the potential 
for beneficial use. 

Preliminary results indicate that UCG does have an impact on the ground- 
water. As the monitoring program and data analysis and interpretation 
progresses, the extent of the environmental impacts will be determined. Once 
these impacts are known, control and/or utilization technology will be 
determined. 


ACKNOWLEDGEMENTS 


The authors acknowledge Dennis D. Fischer, R. Michael Boyd, A. Eugene 
Humphrey, S. Bruce King, and David L. Whitman, all formerly of LETC, for their 
contributions to the UCG program. 


REFERENCES 


1. Brandenburg, C. F., Fischer, D. D. , Boyd, R. M. , King, S. B. , and 
Humphrey, A. E., "A Review of LERC's In Situ Coal Gasification Project," 
Proc. 3rd Ann. UCC Symp . , Fallen Leaf Lake, CA, June 1977. 

2. Schrider, L. A., Jennings, J. W. , Brandenburg, C. F., and Fischer, D. D. 
"An Underground Coal Gasification Experiment, Hanna, Wyoming, "SPE 4993, 
SPE Fall Meeting of AIME , Houston, TX, Oct. 1974. 


4. Brandenburg, C. F., Fischer, D. D., Northrop, D. A., and Schrider, L. A., 
"Results and Status of the Second Hanna In Situ Coal Gasification Experi- 
ment, " Proc. 2nd Ann. UCG Symp., Morgantown, WV, Aug. 1976. 

5. Bartke, T. C., Dockter, L., Sterner, T. E., Virgona, J. E., and 
Wojdac, L. F., "Status Report on the Hanna III and Hanna IV Underground 
Coal Gasification Experiments," Proc. 4th Ann. UCC Symp., Steamboat 
Springs, CO, July 1978. 

6. Bartke, T. C., Dockter, L., Sterner, T. E., and Virgona, J. E., "Status 
of the Fourth Underground Coal Gasification Experiment at Hanna, 

Wyoming," SPE 7510, SPE Fall Meeting of AIME, Houston, TX, Oct. 1978. 

7. Bartke, T. C., Boysen, J. E., and Virgona, J. E. , "Preliminary Results of 
the Third Underground Coal Gasification Experiment at Hanna, Wyoming," 
Presented at the ANS 1978 Winter Meeting, Washington, D. C., Nov. 1978. 

8. Laramie Energy Research Center-Department of Energy, "Environmental 
Research Plan for the In Situ Coal Gasification Project," Feb. 2, 1978. 

9. Laramie Energy Research Center-Department of Energy, "Environmental 
Assessment Underground Coal Gasification Research Program Near Carbon 
County, Wyoming." August 1978. 

10. Virgona, J. E., "Environmental Research for Underground Coal Gasifi- 
cation," Presented at the AIChE Meeting, Miami Beach, FL, Nov. 1978. 

11. Dowd, J.J., J. L. Elder and J. P. Cohen, "Experiment in Underground 
Gasification of Coal, Gorgas, AL," BuMines RI 4164 Aug. 1947. 

12. Elder, J.L., M. H. Fies, H. G. Graham, R. C. Montgomery, L. D. Schmidt, 

and E. T. Wilkins, "The Second Underground Gasification Experiment at 

Gorgas, AL," BuMines RI 4808 Oct. 1951. 

13. Capp, J. P., J. L. Elder, C. D. Pears, R. W. Lowe, K. D. Plants and M. H, 
Fies, "Underground Gasification of Coal - Hydraulic Fracturing as a 
Method of Preparing a Coalbed," BuMines RI 5666 i960. 

14. Capp, J. P., and K. D. Plants, "Underground Gasification of Coal with 
Oxygen-Enriched Air," BuMines RI 6042 1962. 

15. Raimondi, P. , P. L. Terwilliger, and L. A. Wilson, Jr., "A Field Test of 
Underground Combustion of Coal," SPE 4713 presented at Eastern Regional 
Meeting of the SPE of AIME, Pittsburgh, PA., Nov. 7-9, 1973. 

16. Aiman, W. R. , Thorsness, C. B., Hill, R. W. , Rozsa, R. B., Cena , R. , 

Gregg, D. W. , Stephens, D. R. , "The Hoe Creek II Field Experiment on 

Underground Coal Gasification, Preliminary Results," Combustion 
Institute/Western States Section, Spring Meeting, Boulder, CO, Apr. 1978. 


Effects of an Underground Coal Gasification Experiment," Lawrence 
Livermore Laboratory, Rept. UCRL-79867, 1977. (Also published in the 
"Proceedings of the Third Annual Underground Coal Conversion Symposium," 
Conf-770652, 1977.) 

19. Campbell, J. H. , Pellizzari, E. D., and Santor, S. D. , "Results of a 
GroundWater Quality Study Near an Underground Coal Gasification 
Experiment, (Hoe Creek 1)," Lawrence Livermore Laboratory, Rept. 
UCRL-52405, 1978. 

20. Dalton, V. A., and Campbell, J. H., "Laboratory Measurements of 
Ground-Water Leaching and Transport of Pollutants Produced During 
Underground Coal Gasification," Lawrence Livermore Laboratory Rept. 
UCRL-80834 (1978). 

21. Mead, S. W. , Ganow, H. C., Wang, T. F., "GroundWater and Subsidence 
Investigations of the LLL In Situ Coal Gasification Experiment," Proc. 

4th Ann UCC Symp., Steamboat Springs, CO, July, 1978. 

22. Strickland, L. D. , Martin, J. W. , Liberatore, A. J. , and Gillmore, D. W. , 
"The MERC Program For In Situ Gasification of Eastern Coals," 4th Ann UCC 
Symp., Steamboat Springs, CO, July 17-20, 1978. 

23. Daniel, J. H. , and Alexander, P. "Underground Coal Gasification for 
Steeply Dipping Coal Beds," 4th Ann UCC Symp., Steamboat Springs, CO., 
July 17-20, 1978. 

24. Boysen, J. E., Gunn, R. D., and Whitman, D. L. , "An Economic Sensitivity 
Study of UCG Based on Field Performance; Theory and Operational 
Experience", 4th Ann UCC Symp., Steamboat Springs, CO, July 17-20, 1978. 

25. Boysen, J. E. , Masters Thesis, University of Wyoming, 1978. 

6. Gunn, R. D. and Boysen, J. E., "The Role of Field Laboratory Data and 
Mathmetical Models In Reducing the Uncertainity of Economic Studies," 4th 
Ann UCC Symp., Steamboat Springs, CO, July 17-20, 1978. 

7. Wyoming Department of Environmental Quality, "Water Quality Rules and 
Regulations, Chapter VIII, Quality Standards for Wyoming Groundwater" 
Draft July 1978. 

5. McKown, M. M. , and Truxillo, L. A., "Identification of Components of 
Energy-Related Wastes and Effluents," Gulf South Research Institute 
Quarterly Report V, November 15, 1977 to February 15, 1978. EPA Contract 
68-03-2487. 

. Hutchinson, H. L., Boyd, R. M. , and Fischer, D. D. , "Hydrologic Char- 
acterization for Hanna III," Proc. 3rd Ann UCC Symp., Fallen Leaf Lake, 
CA, June 6-9, 1977. 


S. Warren Mead, Francis T. Wang, and Harold C. Ganow 
Lawrence Livermore Laboratory 
P. 0. Box 808 
Livermore, CA 94550 

ABSTRACT 

The conversion of coal into combustible gases promises to become an 
important method of coal utilization. If this conversion is carried out with 
the coal in place underground - in situ coal gasification - additional 
environmental and economic advantages can be realized. Our investigations 
are designed to evaluate some of the environmental implications of this 
alternative energy technology, and to identify appropriate environmental 
controls. 

Changes in ground-water quality and the possible effects of subsidence and 
grour>d movement induced by the underground gasification cavity represent sig- 
nificant environmental concerns associated with the in situ gasification pro- 
cess. We have measured these effects at the sites of two in situ coal gasi- 
fication experiments conducted in northeastern Wyoming by the Lawrence 
Livermore Laboratory. Our measurements of ground-water quality in the vicin- 
ity of the gasification experiments indicate that the reaction products, such 
as ash and some coal tars, that remain underground following gasification, are 
a potential source of localized ground-water contamination. However, the con- 
centration of important contaminants, such as phenols, show a significant 
decrease due to adsorption by the surrounding coal. Complementary laboratory 
measurements are providing detailed information concerning this adsorption 
process. 

We have also conducted laboratory and field measurements, in conjunction 
with modeling studies, to evaluate the effects of subsidence phenomena. Data 
from subsurface geotechnical instruments installed at the second gasification 
experiment, as well as measurements of ground-water levels, indicate that 
roof collapse connected the gasification cavity with overlying aquifers. The 
environmental implications of this interconnection are being investigated. 

Our results suggest that hydrogeological site-selection criteria may be of 
considerable environmental importance in choosing locations for commercial- 
scale operations. 


A Support for these investigations is provided by the Division of Environ- 
mental Control Technology (DOE/ASEV), the Office of Research and Development 
( EPA/I ERL-CI ) and the Division of Fossil Fuel Extraction (DOE/ASET). This 
work was performed under the auspices of the U. S. Department of Energy by the 
Lawrence Livermore Laboratory under contract number W-7405-ENG-48. 


the gasificaton of coal is accomplished with the coai in piace underground - 
in situ gasification - additional environmental and economic advantages can 
FeTeaTized. For example, in situ coal gasification can be carried out 
without the need for underground mine workers, and it may make recovery of 
very deep coals economically attractive. 

In situ coal gasification generally involves a complex series of chemical 
reactions, "but it can be simply characterized as the heating of coal in the 
presence of gasifying agents such as oxygen and steam. Some of the coal is 
burned to provide heat to drive the gasification reactons. In the simplest 
form of in situ gasification, two or more process wells drilled into the coal 
seam are used, after the coal is ignited, toinject air or other gasifying 
agents and to withdraw the resulting combustible gas mixture (Fig. 1). In 
most cases, the coal's permeability must be enhanced, beforegasification, 
along a path connecting the process wells. (The need to achieve this 
preliminary connection reliably and economically represents an important 
current challenge in the development of a practicable in situ technology.) 

The product gas generally requires some form of clean-up in a surface plant 
and, if synthetic natural gas is the desired product, an upgrading process to 
achieve higher energy density. 

Although in situ coal gasification offers important environmental advan- 
tages when compared with more conventional methods of coal utilization, there 
are significant environmental concerns that need to be investigated. If these 
concerns are addressed now, in parallel with the development of the in situ 
method, it will be possible to identify appropriate control technologies in a 
timely manner and, perhaps, influence process development such as to preclude 
or minimize adverse environmental effects. 

In order to insure that realistic and effective control methods will be 
identified, it is essential to develop a quantitative understanding of 
potential environmental effects as they would occur in connection with large, 
commercial -si zed operations. Some of these possible effects are peculiar to 
underground gasification and have not been previously investigated in detail. 
Futhermore, important environmental consequences may require decades to 
develop. We are therefore concentrating our present efforts on the 
accumulation of basic data concerning the potential sources of environmental 
effects, and on the development of reliable, predictive modeling capabilities. 
With this background, it should be possible to isolate control technologies 
that are realistically applicable to this promising method of coal recovery. 

Two characteristic features of the in situ coal gasification process have 
led to particular environmental concern* first, the fact that some of the 
reaction products remain underground as potential ground-water contaminants 
and, second, the cavity (and possible subsidence) produced by the extraction 
of the gasified coal. Our in situ coal environmental group at the Lawrence 
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in situ gasification experiments, laboratory investigations, and predictive 
modeling studies. 

1 2 

LLL has conducted two in situ coal gasification experiments ’ at its 
Hoe Creek site in northeastern Wyoming. These experiments havegiven us the 
opportunity to measure changes in ground-water quality and subsidence effects 
associated with two underground gasification operations. 

The Hoe Creek site is located in a sparsely populated region of gently 
rolling semi-arid rangeland. This area is part of the Powder River basin of 
northeast Wyoming and southeast Montana - a region that may contain half a 
trillion tons of coal suitable for in situ gasification. The coal gasified 
in the Hoe Creek experiments (the'Felix II Coal) is 25 ft thick and lies at 
a depth of about 125 ft - well below the static water level. The Felix II 
Coal is an aquifer and is overlain by two additional aquifers. A detailed 
evaluation of the hydraulic characteristics of the Felix Coal and the near- 
by strata at the Hoe Creek site will be found in reference 3. 

The first Hoe Creek experiment^ took place in the fall of 1976. The 
two process wells - for injecting air and extracting product gas - were about 
33 ft apart, and chemical explosives were used to produce enhanced permea- 
bility in the Felix II coal. Approximately 120 tons of coal were gasified 
in an 11 -day experiment. 

A second experiment, Hoe Creek II, was conducted during the fall and 
winter of 1977. The process wells were located approximately 60 ft apart and 
the required path of enhanced permeability was achieved using a preliminary 
"reverse combustion" technique, developed in this country by the Laramie 
Energy Technology Center. The gasification operation lasted 58 days, during 
which approximately 2000 tons of coal were converted to gas and extracted 
through the production well. The average energy content of this gas was 108 
Btu/scf. Gas losses during this experiment averaged 20%. 

Perhaps the most significant environmental concern associated with the 
underground gasification of coal stems from the existence of gasification 
reaction products that remain underground. These residual materials include 
coal ash, char, some of the coal tars, and approximately 10-15% of the 
product gases which are not extracted through the production wells. When 
ground water returns to the gasification zone, the ash is leached, producing 
inorganic contaminants, and some of the other residual materials, including 
organics are dissolved. The contaminated water moves through the coal seam 
in the general direction of the natural ground-water flow. Fortunately, 
there are other natural phenomena - for example, the filtering and adsorption 
properties of coal itself - which tend to purify the ground water and to 
restrict the contaminants to a localized region. Nevertheless, the ultimate 
environmental significance of the residual underground products is not yet 
known. 


The ground movement and potential subsidence associated with the crea- 
tion of a gasification cavity are also of significant environmental concern - 
in part, because these phenomena may affect the dispersal of the reaction- 
product contaminants. In particular, fissuring and roof collapse, which 
result from cavity formation, can destroy the integrity of the underground 
"reaction vessel" and permit the escape of pollutants to the surface or into 
overlying aquifers. Large areal gasification operations could also lead to 
significant surface subsidence, with results that may be important environ- 
mentally, and in their effects on process facilities. 

WATER SAMPLING AT HOE CREEK I 


Measurements of changes in ground-water quality near in situ coal gas- 
ification experiments are of importance, initially, in that they help to 
define the contaminant source. That is, they permit a description of the 
composition, concentration, and early-time distribution of the underground 
contaminants. Such measurements also provide information concerning short- 
term changes in concentration and composition that are a result of chemical 
reactions, sorption by coal and other media, or biological action. Over a 
period of several years, the water quality measurements will begin to yield 
information concerning the possible development of a plume of contaminated 
ground water that may spread outward from the gasification site in the 
direction of natural ground-water flow. 

We have carried out extensive ground-water quality investigations at 
the sites of both LLL in situ coal gasification experiments. Approximately 
a dozen wells in the vicinity of the first gasification experiment (Hoe 
Creek I) were monitored before, during, and after gasification?^ The 
samples were analyzed in the field and, much more extensively, at the lab- 
oratories of the U. S. Geological Survey, the Research Triangle Institute, 
and LLL. A simplified summary of the data is given in Table I. 
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Species Pre-gasification 
value (mg/1) 

Concentration 

(mg/1) 

Increase 

Concentration 

(mg/1) 

Increase 

Phenols 

0.001 

0.1 

100 x 

500 

5 

x 10 5 x 

CN" 

0.01 

0.4 

40 x 

300 

3 

x 10 4 x 

N< 

0.5 

20 

40 x 

70 


100 x 

DOC 

6 

4 

“ 

200 


40 x 

Br" 

0.1 

1.0 

10 x 

4 


40 x 

Pb +2 

0.001 

0.001 

- 

0.04 


40 x 

Ba +2 

0.1 

- 

- 

1.0 


10 x 

K + 

5 

60 

10 x 

45 


8 x 

Li +1 

0.03 

0.3 

10 x 

0.2 


6 x 

Mg +2 

10 

50 

5 x 

60 


6 x 

SO4 2 

200 

2000 

10 x 

1000 


5 x 

Ca +2 

40 

600 

20 x 

200 


5 x 

B (III) 

0.1 

0.7 

7 x 

0.5 


5 x 


Among the chemical species that show a large increase as a result of the 
gasification experiment are the phenolic materials, which represent the 
largest group of organic contaminants introduced into the underground 
environment by this experiment. The changes in concentration of the phenolic 
materials, as a function of time and distance from the boundary of the 
gasified zone, are shown in Fig. 2. Notice that the phenol concentrations 
have decreased by roughly two orders of magnitude at all distances from the 
burn zone. Although most other contaminants are also decreasing 5 , their 
rates of decrease are not, in general, as rapid as those indicated in Fig. 2. 

The water from selected wells was analyzed by the Research Triangle 
Institute using a method that combines gas chromotography and mass 
spectrometry (GC-mass spec). This technique (now also employed at LLL) 
provides detailed information concerning volatile and semi-volatile organic 
contaminants. The coal gasification process produces an enormous variety of 
such organic by-products. The more volatile aromatic materials such as 
benzene, toluene, xylenes, and napthalene penetrate into the porous media 
surrounding the gasification zone. 5 As illustrated in Fig. 3, the species 
of lower molecular weight (more volatile) are transported further from the 
gasification zone. J\ discussion of some limitations that apply to 
quantitative comparisons of the GC-mass spec data with results obtained by 
other methods will be found in Ref. 5. 


Phenolic material, ppm 



Distance from burn boundary, ft 

Figure 2. Concentrations of phenolic materials as a function of 
distance from the nearest burn boundary of the Hoe 
Creek I in situ coal gasification experiment. Times are 
measured from the end of gasification. Sampling wells 
are completed in the gasified coal seam and located in 
various directions from the gasification zone. 


Relative intensity 



Retention time — arbitrary units 

Figure 3. Chromatograms of volatile organics found in product tar and in water obtained 5 ft and 45 ft from 
the burn zone. The numbers on the abscissa are related to the chromatograph retention times. 
Note that the lower-molecular-weight (more volatile) species move much further out into the 
formation, and that the organics in the nearby water are more like the product stream tar. 


provide evidence concerning changes in contaminant concentrations that may 
occur as a result of natural ground-water flow. In principal, phenol 
concentrations in the outer wells might ultimately increase. Nevertheless, 
the rapid and uniform decrease in the concentrations of phenolic materials 
over a period of more than a year is an encouraging example of the 
self-cleansing capabilities of coal aquifers. 


LABORATORY AND COMPUTATIONAL STUDIES 


A clearer and more quantitative understanding of the ground-water changes 
near an underground gasification operation can be achieved by means of 
laboratory investigations carried out in conjunction with the field 
measurements. Of particular interest, are the nature and magnitude of the 
cleansing actions that occur when contaminated water is exposed to coal. 
Results such as those shown in Fig. 4 leave little doubt that phenol is 
rapidly adsorbed by coal. More elaborate experiments involving the flow of 
contaminants through a column of coal (Fig. 5) are also underway. They 
establish values of the distribution coefficient, K^, which is a measure of 
the fractional adsorption of a dissolved contaminant and an essential 
ingredient in contaminant transport modeling. Our modeling efforts include 
the development of a 2-dimensional computer code capable of predicting 
transient dispersion of contaminants introduced continuously from a line 
source. The model includes convection, longitudinal and lateral dispersion, 
and adsorption. ® 


GROUND-WATER EFFECTS AT HOE CREEK II 

Nine ground-water sampling wells were provided for measuring ground-water 
quality changes resulting from the second Hoe Creek experiment. Since the 
second experiment involved the gasification of 20 times as much coal as Hoe 
Creek I, it would be of considerable interest to compare ground-water changes 
near the two sites. Such a comparison might help to establish the dependence 
of the contaminant source strength on the amount of coal gasified. In 
particular, the comparison might indicate whether the concentrated "shell" of 
phenolic materials just outside the burn zone is a surface effect or dependent 
on the entire gasified volume. Unfortunately, a straightforward and 
meaningful comparison of ground-water measurements at the two sites is 
impossible, for reasons discussed below. 

We have sampled the ground-water near the Hoe Creek II site before, 
during, and several times after gasification, Some analyses are performed in 
the field, and preserved samples are sent for extensive analysis to U.S. 
Geological Survey laboratories, Gulf South Research Institute, and LLL. The 
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Figure 5. Coal column apparatus used to simulate the flow of 
contaminated ground water through a coal seam. 
During operation, samples are extracted through 
rubber septa using a hypodermic syringe. 



concentrations are expected to depend very strong iy un wen luuauuns .ciau.ve 
to the burn boundary (Fig. 2), and this effect could account for large 
differences in measured concentrations. However, a more important difference 
stands in the way of a simple comparison of contaminant levels near the two 
sites. Water level data (Fig. 6), subsurface geotechnical measurements, and 
post-burn coring investigations show that cavity roof collapse connected the 
gasification cavity with overlying aquifers (The Felix I Coal and a coarse 
channel sand above it). Since the Hoe Creek site is a recharge area 
(hydraulic head decreasing with depth), water from the overlying aquifers is 
flowing into the gasification cavity and producing an abnormally high 
hydraulic head within the cavity. Calculations based on the data of Fig. 6 
suggest that ground-water flow rates in the immediate vicinity of the cavity 
exceed normal flow rates by at least an order of magnitude. Preliminary data 
on phenol concentrations (Fig. 7) showed a temporary increase in concentration 
in some of the sampling wells, which are completed in the Felix II Coal. 
Evidently, source concentrations and source geometry were significantly 
affected by the aquifer interconnection. The environmental implications of 
the altered contaminant distribution are being investigated. 

Another question whose importance is emphasized by the aquifer 
interconnection at the Hoe Creek II site concerns the possibility that contam- 
inants from the gasification zone may migrate into overlying aquifers. Addi- 
tional sampling wells recently completed in the Felix I aquifer will help to 
answer this question. It may be that the downward flow of water in a recharge 
area will minimize the spread of contaminants into overlying aquifers. In any 
case, the importance of an enlightened choice of site selection criteria is 
becoming increasingly apparent. 


SUBSIDENCE STUDIES 


Since ground deformations induced by the gasification cavity may play an 
important role in determining contaminant dispersal and may, in addition, lead 
to significant surface subsidence, an improved understanding of these 
subsidence phenomena is of outstanding importance. We are attempting to 
extend out knowledge of these effects and develop a reliable predictive 
capability through a combination of laboratory tests of overburden cores, 
geotechnical measurements at the site of ongoing gasification experiments, and 
finite element modeling. 

A preliminary modeling study of the subsidence induced by underground coal 
gasification was conducted in preparation for the first Hoe Creek 
experiment. 7 In the treatment employed, a stratified overburden is stressed 
by gravity loading and by the removal of coal seam elements in a manner 
simulating coal combustion. The resulting stresses, strains, and 
displacements are determined for the duration of the excavation process and 
for subsequent quiescent periods during which plastic deformation and stress 
relaxation gradually take place in the rock and soil strata. Inelastic 
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Figure 6. Water levels in wells near the Hoe Creek II in situ 
coal gasification experiment. The water levels are 
plotted as a function of distance from the injection 
well "A" at various times following gasification. 

(A logarithmic distance scale is used to avoid data 
crowding for the close-in wells.) All wells are 
completed in the gasified Felix II coal seam except 
WS-1, which was completed in the overlying 
Felix I coal aquifer. The data show how water 
levels have changed since air injection was termin- 
ated at the conclusion of the gasification experiment 
on December 25, 1977. The elevated water levels 
in the vicinity of the gasification zone suggest that 
the gasification cavity has been interconnected with 
the overlying Felix I coal aquifer, which lies about 20 
feet above the Felix II Coal, and with another 
aquifer above the Felix I Coal. 
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Figure 7. Changes in the measured concentrations of phenolic materials 
in the Felix II coal aquifer as a function of time after gasifi- 
cation. The measurements were made in some of the wells 
shown in Figure 5. These and other data suggest that the 
contaminants are moving outward away from the gasification 
zone. This movement appears to be much exaggerated in the 
immediate vicinity of the gasification zone as a result of an 
interconnection with an overlying aquifer. (Note that the 
actual magnitudes of the phenol concentrations measured in 
the close-in wells are hundreds of times greater than those 
in the outermost well.) 



subsidence was detected. 

An augmented version of the above method was used in an effort to predict 
subsidence and ground movement for the Hoe Creek II experiment. ° Two sets 
of assumed values of material properties were employed, termed "probable" and 
"lower bound". We also added a new feature to our method of modeling the 
excavation process associated with gasification. As the computations 
proceeded, roof material that developed tensile stress was mathematically 
removed in a subsequent iteration. In other words: as coal elements were 
"gasified" and zones of tensile stress appeared in the roof, those zones were 
"spalled" or allowed to collapse. This procedure produces a shallow arched 
roof, free of tensile stress, such as might be expected to occur naturally. 

This augmented model also predicted surface subsidence of only an inch or 
so. On the other hand, relatively large deformations, and considerable roof 
caving were predicted below the surface. It seemed clear that subsurface 
measurements would produce the most helpful data - both for understanding the 
implications of subsidence for the in situ gasification process, and as a 
guide in checking and improving our subsidence modeling capabilities. 

Subsequent measurements have shown that a combination of roof caving and 
combustion (in the overlying Felix I Coal) caused portions of the cavity to be 
extended some 70 ft above the top of the Felix II Coal, much higher than 
predicted. 

In an effort to provide subsurface data, we designed an array of 
geotechnical instruments for installation in the overburden at the site of the 
Hoe Creek II experiment (Fig. 8). The instruments included two 6-position 
borehole extensometers (Fig. 9), two electrical shear strips, a multiple pie- 
zometer installation, and a borehole def lectometer apparatus that was utilized 
in six specially cased boreholes. Provisions for surface measurements 
included specially designed isolation bench marks, an optical level, and a 
precision tape extensometer. A detailed description of these instruments, 
their deployment at the Hoe Creek II site, and some preliminary results are 
reported by Ganow et al. in reference 9. An analysis of the geotechnical 
data (obtained before, during, and after the Hoe Creek II experiment) has 
provided a relatively clear picture of the overburden deformation and roof 
collapse that occurred in response to the growth of the gasification cavity. 

Of particular interest, is the fact that the extensometers and piezometers 
documented the interconnection of the gasified coal seam with the overlying 
Felix I and channel sand aquifers. 

Since a variety of measurements have shown that roof collapse extended 
significantly higher than predicted, we are attempting to develop modeling 
methods that take account of process-related phenomena that may be 
significant. Roof spalling due to shrinkage effects induced by heating may be 
an important factor in determining the utlimate cavity size. A preliminary 
attempt to incorporate these shrinkage effects into the calculations is 
described by Greenlaw et al. in reference 10. 



H4^) 

O SI-1 


/ 


10 ft 


O H-2 

\ 


(tT 


Approximate burn boundary 

Injection well 

® EX-2 




• PZ-1 • ss-1 




O SI-2 
SI-3 O 


yb h -3 






EX 

Extensometers 

SI, H 

Deflectometer 


boreholes 

SS 

Shear strips 

PZ 

Piezometers 


8 . 


Plan view showing process weds and subsidence instrumentation boreholes at Site II. 



Fiaure 9 Multiple-position borehole extensometer sensing head. Cables from the sensing 

head extend down to expandable mechanical anchors located at various positions in 
the overburden. Displacements measured at the sensing head are the integrals of 
vertical strains occurring between the head and the various anchor points. 


The usefulness of 3-dimensional solutions win aiso De expiureu. ^ are 
hopeful that an improved knowledge of subsidence behavior in actual 
gasification experiments, used in conjunction with properly measured 
overburden characteristics, can permit the development of predictive modeling 
capabilities that will be a reliable guide to the subsidence phenomena that 
may accompany large scale in situ coal gasification. 
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1. INTRODUCTION 

High temperature entrained flow coal gasifiers have a well-known advan- 
tage over lower temperature fixed-bed or stirred-bed gasifiers. This advan- 
tage is the marked reduction in tars, phenols, and other condensible hydro- 
carbons as gasifier by-products. For example, Lurgi fixed-bed gasifiers pro- 
duce from 50-100 pounds of tar, 30-70 pounds of tar oil and naptha, and 8-12 
pounds of phenols per ton of coal (1,2). Similar by-product compounds and 
yields have been reported for a fluidized bed gasifier operated by the 
Pittsburgh Energy Research Center (3). On the other hand, the Koppers-Totzek 
and Texaco High temperature entrained flow gasifiers are claimed to produce 
negligible amounts of tars and oils as by-products. The gas and water puri- 
fication equipment is, therefore, less complicated and less expensive than 
that required for the Lurgi process. It was anticipated that more advanced 
high temperature entrained flow gasifiers would also have this advantage. 

The experimental gasifier studied in this report is housed at the Eyring 
Research Institute in Provo, Utah. This gasifier is a pressurized, entrained- 
flow gasifier that has a capacity of ~50 pounds of coal per hour and has a 
downflow configuration with some similarity to an entrained flow gasifier 
operated by the Bureau of Mines during the period 1952-1963. It also has some 
similarity to the Texaco entrained flow gasifier configuration. 

2. PROCEDURE 

A diagram of the laboratory gasifier and the necessary coal feeding, gas 
cooling and cleaning, and ash handling equipment is shown in Figure 1. Pul- 
verized coal from a pressurized feed hopper is fed to the gasifier entrained 
in a stream of recycle gas. The coal is rapidly mixed and reacted with a mix- 
ture of super-heated steam and oxygen. The reaction is carried out at pres- 
sures of 75 to 150 psig and gasifier outlet temperatures of 2300-2800°F. 
Residence times for gasification reactions are of the order of 0.1 second. 

The gasifier products pass downward into a quench section where they are 
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V101 

Coal lock vessel 

18" x 57" 

V102 

Coal feed vessel 

18" x 57" 

V201 

Gasifier section 

10" x 12" 

V202 

Ash/slag accumulator vessel 

10" x 4' 

V203 

Ash/slag lock hopper 

10" x 3' 

V301 

Steam drum 

4 M x 4 f , 18 kw heater 

V401 

Scrubber column 

10" X 4' 

V601 

Recycle gas inlet vessel 

12" x 6' 

V602 

Recycle gas accumulator 

14" x 6' 

V701 

H.P. water accumulator 

10" x 3’ 

E201 

Oxygen heater 

3/8" x 40' coil, 5 kw 

E202 

Steam superheater 

3/8" x 40' coil, 5 kw 

E203 

Steam evaporator 

3/8" coil 

E204 

Economizer exchanger 

19 tubes, 3/8" x 2’ 

E301,2 

Condensors 

5" x 24" 

E401 

Scrubber water cooler 

60,000 BTUH 

F401.2 

Scrubber liquor filter 

8" x 34", 4.4 sq. ft. 

F501.2 

Product gas filter 

4" x 24" 


In this study, a detailed characterization of products and by-products 
associated with this gasifier was performed. Four process parameters, as 
shown in Table 1, were varied; coal feed rate, reactor pressure, oxygen to 
coal ratio, and steam to coal ratio. A high-volatile, non-caking, Utah bitu- 
minous coal was used for most of this study. A simplified flow chart showing 
the gasifier effluent streams is shown in Figure 2. Samples were taken from 
the cooled and water-scrubbed product gas stream, the scrubber effluent water, 
and the gas evolved on depressurization of the scrubber water. The gas sam- 
ples were analyzed by gas chromatography and selective reaction indicator 
cartridges while the scrubber water was subjected to the analysis scheme shown 
in Figure 3. The scrubber water was first filtered to remove the particulate 
matter. Portions were then analyzed by proton induced x-ray emission (PIXE) and 
atomic absorption spectroscopy, thermometric titrimetry, and ion chromato- 
graphy. Both the filtered scrubber water and the particulate matter were ex- 
tracted with methylene chloride and analyzed by gas chromatographic mass spec- 
trometry. 


Table 1 


Gasifier Test Parameters 


Reactor Pressure (psia) 

75 

150 


Coal Feed Rate (lbs. /hr.) 

20 

40 

60 

Oxygen to Coal Ratio (wt/wt) 

0.8 

0.9 

1.0 

Steam to Coal Ratio (wt/wt) 

0.1 

0.3 

0.5 


3. RESULTS 

Analysis of effluent streams at median gasifier conditions . The data in 
Tables 2 through 5 represent the average of three gasifier test runs that were 
made under identical reactor conditions: coal feed rate = 40 lbs. of Utah 
bituminous coal/hour, reactor pressure = 150 psia, oxygen to coal ratio = 0.9, 
and steam to coal ratio = 0.3. Table 2 shows the product gas composition. 

Gases which were specifically tested for and not found at the sensitivity level 
of 0.5 ppm include S0 2 * COS, NH 3 and CS 2 . The composition of the flash gas ob- 
tained during depressurization of the scrubber is given in Table 3. Again, 

S02» COS, NH 3 , and CS 2 were not detected. 

Table 4 shows the net elemental composition of the scrubber water after 
subtraction of concentration levels measured in the water before scrubbing. 

PIXE analysis can detect nearly any element between atomic numbers 14 and 
40 above an approximate detection limit of 0.5 ppm. The detection limits 
for heavier elements are somewhat higher. Notice that the data are given 
both in units of ppm in scrubber water and lbs per ton of coal feed. It 
was found impossible to compare our data with data from other gasifiers 
because of the inavailability of certain gasifier operating parameters. 
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Fig. 2. Gasifier Product and Effluent Streams 
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Fig. 3. Flow Diagram of Scrubber Water Analysis Procedure 
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Table 4 


Table 5 

Filtered Scrubber Water Ele- 
mental Composition 

Filtered Scrubber Water In- 
organic Species 

Flement ppm 

lbs/ton of Coal 

Species 

ppm 

lbs/ton of Coal 

Ca 

50 

4.6 

hco 3 - 

210 

19.0 

S 

8 

0.78 

cr 

9 

0.85 

Si 

3 

0.28 

F" 

1 

0.11 

Fe 

2 

0.22 

nh 4 + 

45 

4.12 

Cl 

3 

0.30 

no 3 - 

0.6 

0.03 

Zn 

1 

0.13 




K 

1 

0.09 




Sr 

0.3 

0.03 





Cu, Ti, Mn, Ni, Br, Hg, Se, and As 
detected at same level both before 
and after scrubbing. 

Other elements (14 £ Z £ 40) not 
detected (<0.5 ppm). ~ 


2- 9 

SO4 and SOg^ - detected at same 
level both before and after scrub- 
bing. 

Carboxylic acids, phenols, and 
amines not detected (<5 ppm). 


The reporting of data in terms of weight per weight or weight per volume of 
po u ant in scrubber water is important from an environmental standpoint, but 
f ° r kU antlt * tlVe 9 asifl * er production comparisons because of the 

annear Jo L nn ^ f er W \ te " I 1 ™ r ates - In fact > an effluent stream can 
tv^thp cppminniv i C i 3n when data is presented in terms of ppm, when in reali- 
* p ^ 9 V° W ] ® ve1s of Pollutants are a direct result of a very fast 

er ow rate. For this reason, we report quantitative data both in 


ion chromatography and thermometric titrimetry. Species not detected and 
approximate sensitivity levels are shown. 

An interesting aspect of this study was the analysis of the organic com- 
pounds present in the scrubber water. After filtering 1.5 liters of the 
scrubber water through a 1.2m pore filter, extracting 2 times with 100 ml each 
of methylene chloride, evaporating almost to dryness, and injecting the total 
amount into a gas chromatograph, essentially no organic compounds were found. 

On the other hand, the methylene chloride extract of the particulate matter 
which was filtered from the scrubber water contained significant amounts of 
organic compounds, all of which are polycyclic aromatic hydrocarbons. Figure 
4 shows a capillary column gas chromatogram of the organic extract of the par- 
ticulate matter of one sample. All peaks represent fused-ring aromatic sys- 
tems. The absence of alkylated compounds is expected from a high temperature 
system. 

There is only approximately 1 x 10~3 lbs. of extractable organic material 
in the unfiltered scrubber water per ton of coal consumed, and the total amount 
is quantitatively adsorbed on the particulate matter. Natusch (4) has recently 
presented a theoretical model describing the quantitative adsorption of poly- 
cyclic aromatic hydrocarbons onto fly ash due to the sudden decrease in tem- 
perature as the fly ash exits from the stack of a coal-fired power plant. It 
appears that the same process is occuring as the product gas stream is cooled 
by the spray of water in the scrubber column. We tested the adsorption of 
naphthalene on particulate matter in water by dissolving 15 mg of naphthalene 
in one liter of distilled water which was thermostated at 22°C and succes- 
sively adding portions of previously extracted particulate matter. After each 
addition, the amount of naphthalene adsorbed was determined by UV absorption. 
Figure 5 shows the adsorption curve obtained. Notice that 100% adsorption 
will be obtained at approximately 0.40 ppt particulate matter in the water. 
Scrubber water from the gasifier typically contained about 2% particulate 
matter so there is clearly sufficient to adsorb all of the organics from the 
water. 

From the data in Tables 2-5 it may be concluded that (1) the effluent 
streams from this type of gasifier are extremely clean when compared to other 
types of gasifiers, (2) all of the nonvolatile organic compounds produced are 
quantitatively adsorbed by the particulate matter in the scrubber water, and 
(3) the only potential pollutants from the gasifier other than the soot in the 
scrubber water and the bottom ash/slag are the H 2 S and HCN in the product and 
flash gases and NH 4 + in the scrubber water. The HCN is present in such small 
amounts that it probably is not environmentally significant. 

Effects of gasifier conditions on effluent streams. Table 6 summarizes 
the significant effects of changing the gasifier operating conditions. De- 
creasing the pressure in the gasifier from 150 psia to 75 psia decreased the 
CO output per ton of coal by a factor of about 1.5. This is a large loss of 
coal conversion efficiency. The output of HCN, polycyclic aromatic hydrocar- 
bons as represented by naphthalene, and scrubber collected soot all increased. 
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CO 

decrease x 1 . 5 a 

No effect then 
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h 2 
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Flash Gas 



CO 
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h 2 
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increase x 7 

c 

c 

h 2 s 

HCN 
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Scrubber Water 



nh 4 + 

c 

increase x 2^ 

c 

decrease x 2^ 

Total naphthalene 
on soot increase x 7 a 

decrease x S* 3 

c 

c 

Soot 

increase x 4 a 

decrease x 5^ 

c 

c 


a. Most significant changes. 

b. Mot significant in comparison to other changes. 

c. No effect. 


These results suggest that operating at pressures higher than 150 psia may • 
result in better coal conversion efficiency and lower outputs of these pollu- 
tants. Attempts to run at' higher pressures in the present gasifier resulted 
in mechanical problems, however. 

Decreasing the coal feed rate below 40 Ibs/hour also caused a large de- 
crease in CO production. In this case production of naphthalene and soot were 
decreased. 

Decreasing the 02/coal ratio in the reactor produced the only significant 
decrease in H 2 S found. Changing the 02/coal ratio from 1 (wt/wt) to 0.8 re- 


In conclusion, higher pressures and lower Op/coal ratios should be studied 
to see if the trends observed in this study continue to change with the gasi- 
fier parameters. 

Sulfur chemistry . The whole question of the reactions of sulfur in the 
gasifier is an important area for further research. About 25 % of the sulfur 
in the coal ends up as H 2 S in the product and flash gases, another 10% ends up 
dissolved in the scrubber water as ionic species, and the remaining two-thirds of 
the sulfur is present in the bottom ash/slag and scrubber collected soot. The 
chemical state and fraction of the sulfur in the bottom ash/slag is unknown at 
present. The particulate sulfur collected in the scrubber is elemental sulfur 
which is tightly bound in the soot matrix. Sulfur was removed from the soot at a 
constant rate by Soxhlet extraction of the soot with CH 2 CI 2 for several days. 
Such extractions never appeared to be complete. 

The elemental sulfur in the soot is probably formed by oxidation of H 2 S by 
oxygen containing groups on the surface of the graphitic soot particles. Simi- 
lar behavior of activated charcoal which has been exposed to oxygen has been 
observed in other studies. 5 The presence of peroxides in the scrubber water 
was also inferred from the results of thermometric titrations of acidified 
scrubber water with C^Op. An understanding of these reactions could lead 
to new methods for scrubbing H 2 S from gas streams. 

The soot produced in this gasifier and collected in the scrubber water 
thus serves two beneficial functions: (1) the quantitative removal of poly- 
cyclic aromatic hydrocarbons from the water and (2) the partial removal of 
H 2 S from the product gas. 

Gasification of other carbonaceous fuels . Preliminary experiments on other 
types of coal, lignite, and COED char indicate that gasifier conditions can be 
adjusted to gasify these fuels as cleanly as the bituminous coal. 

5. CONCLUSION 

If economical and simple means can be found to remove the residual H 2 S 
from the product and flash gases and the soot from the scrubber water, this 
type of gasifier has the potential of supplying clean gas from coal with very 
little environmental impact on water on air quality. 
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INTRODUCTION 


Increasing demands for natural gas and oil, partly caused by needs 
for environmental protection, have led to the inevitable situation where 
demand exceeds the U.S. productive capacity. The trade deficit from 
importing these clean fuels plus the uncertain political situation in the 
Middle East have prompted a drive for energy self-reliance in the United 
States. 

Coal is a dirty, cumbersome fuel whose use in the past has been 
extensive, often with unfavorable consequences to the environment. Never- 
theless, coal constitutes over 70% of the total estimated ultimately 
recoverable fossil fuel resources in the U.S. and will obviously be 
important in meeting future energy demands. 

Besides being directly fired in boilers for generating steam to drive 
turbines and provide process heat, coal may bn used for producing chemicals 
and clean fuels. Coal is used throughout the world as a raw material for 
synthesis of fertilizers and chemicals. This production generally uses 
a gasification system, such as Lurgi, Koppers-Totzek, or Winkler, to 
generate synthesis gas (usually hydrogen or a mixture of hydrogen and 
carbon monoxide). 

Koppers-Totzek technology has had commercial application in at least 
12 countries since 1955. The Texaco gasification process, which has been 
tested with coal at the semi -commercial scale and has operated commercially 
with oil in over 20 countries since the 1940's, is planned for commercial 
application in combined cycle power plants. 1 

Potential emissions from entrained flow coal gasifiers, such as the 
K-T and Texaco, are presented in this paper. Commercial control systems 
for treatment of potential emissions are discussed relative to their 
applicability to entrained flow gasifiers. 


DESCRIPTION OF GASIFICATION TECHNOLOGIES 


Commercial, or near commercial, coal gasifiers that employ an 
entrained flow contacting method include the Koppers-Totzek (K-T) gasifier, 
the pressurized K-T, and the Texaco gasifier. Description of these gasifiers 
are presented in the following discussion. 


years to produce liquid fuels from coal. 

The first commercial plant employing Koppers-Totzek gasification was 
completed in Finland in 1952. 2 Since that time, plants have been built 
in Spain, Japan, Belgium, Portugal, Greece, United Arab Republic, Thailand, 
East Germany, Turkey, Zambia, and South Africa. >* Plants at other locations 
are currently under construction. . 

The K-T process employs the partial oxidation of pulverized coal in 
suspension with oxygen and steam. The Koppers-Totzek gasifier, shown 
schematically in Figure 1, is a refractory-lined steel shell cooled with a 
steam jacket to produce low-pressure process steam. Coal , oxygen and steam 
are fed to the gasifier through opposing special metering heads or nozzles. 
Coal is pulverized to 70% through a 200 mesh screen and dried to from 2 to 
8% moisture. Exothermic reactions create temperatures of 3300-3500°F at 
the gasifier outlet. About 50% of the ash is entrained with unburned 
carbon in the fuel gas while 50% flows down the refractory walls into 
a water quench at the base of the gasifier. Less than 2% of the coal carbon 
accompanies the ash streams. Flux is sometimes added to the coal to adjust 
ash fusion properties, such that the slag flows freely from the gasifier 
and does not solidify on the refractory wall. 2 ’ 3 

Two-headed K-T gasifiers with opposing nozzles 180° apart are capable 
of gasifying about 400 tons/day of coal to produce 15,000 scfm of gas. 

The capacity is essentially doubled in four-headed units with two sets of 
opposing nozzles 90° apart. The larger two-headed units are 10 to 12 ft 
in diameter, tapering to 6 to 8 ft at either end; overall vessel length is 
25 ft. with an inner volume of about 1000 ft^. Four-headed gasifiers have 
similar dimensions and double the inner volume. 2 ’ 1 

Operational experience has shown that the gasification reactions can 
be controlled by monitoring the CO 2 concentration in the product gas. The 
CO 2 level indicates the extent of chemical reaction, and controls are 
adjusted to maintain the CO 2 concentration within a preselected range. 
Typical results using a K-T gasifier are given in Table 1. 

The flow diagram depicted in Figure 2 shows schematically equipment 
used for synthesis gas production. The fire-tube boiler is inclined from 
the exit of the radiant boiler to a venturi scrubber. High-pressure steam 
(up to 1500 psig) is generated in the boiler. The gas from the boiler 
passes to a two-stage venturi scrubbing system where the particulate level 
is reduced to 0.002 to 0.005 grains/scf. ? Large particles (95% of total) 
are removed in the first fixed venturi. A second adjustable venturi 
scrubber removes 99% of the remaining particles. After particulate removal, 
the gas is cooled to about 95°F with water in a packed tower. As in early 
designs, the gas is then compressed for sulfur removal. 

Cooling and scrub water are recycled in a circuit shown schematically 
in Figure 2. Slag quench water is cooled to prevent evaporation losses, 
and makeup for water lost with the slag is provided from the cooling and 
scrub water circuit. Makeup water for the system is added to the packed 
cooling tower. 
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FIGURE 1. Koppers-Totzek Gasifier Schematic 
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?S o « re rin U to inject ihe coal at Jelocities in excess of 
the flame propagation speed. The coal ash is completely liquefied in the 
flame zone, and about half of the ash in most coals drains from the bottom 
of the gasifier as molten slag into a quench tank. The remainder of the 
ash, which is entrained in the raw gas output, is generally solidified 
at the entry to the waste heat boiler beyond the gasifier by water spray 
injection to avoid ash adherence and build-up on the boiler surfaces . 4 

Problems have been encountered in some recent installations of 
atmospheric pressure Koppers-Totzek gasifiers due to the very low viscosity 
of the slag from certain feed coals at the 2200 K (3500 F) burner tip 
temperature. The Koppers-Totzek design depends on build-up slag on the 
ceramic lining of the reactors to protect the linings. Not only did such 
build-up not occur, due presumably to the very low viscosity of the slag, 
but there was apparently reaction and/or solution of the ceramic lining with 
the slag, resulting in rapid failure of the linings. Moreover, whereas 
about half of the slag from the lignite feeds (which are common to most of 
the sixteen Koppers-Totzek plants now operating around the world) would 
normally be expected to flow out of the bottom of the gasifier directly 
into an ash quencher, it was found that no more than about 5 to 10 percent 
of the slag could be recovered in this way. Most of the slag was going 
over into the waste heat boiler along with the gas, greatly overloading 
the ability of the design to handle the solidifying mixture.'* 

A partial solution to both of these problems has been to reduce the 
operating temperatures by increasing the steam-to oxygen ratio in the gasi- 
fiers. However, this has also decreased the carbon conversion efficiency 
to "somewhat below 90 percent ." 4 

Koppers (U.S.A.) indicates that they have developed designs for 
pressurized gasifiers operating at 60 psi and at 1000 psi and are seeking 
an underwriter for the construction of one or both of these systems. 
Presumably, only very small-scale reactors have actually been operated at 
these pressures. The primary stumbling block to pressurized operation has 
been the development of reliable coal feed devices . 4 

Koppers (U.S.A .) 4 has reported that Shell (Dutch) and Koppers 
(Germany) have operated a 5 t/d pilot unit near Amsterdam for over two 
years. The plant has operated successfully on all ranks of coals at a 
pressure of 450 psi, producing a gas whose composition consisted of about 
95 volume percent CO plus H 2 , 2.6% CO 2 and 0.3% CH 4 . 

A 150 t/d unit constructed in Hamburg combines the experience of 
Koppers in the entrained bed gasification of solids at atmospheric pressure 
with Shell's experience on high pressure partial oxidation of liquids. 

The plant, which is highly proprietary, is expected to start operation by 
September 1978. Koppers (U.S.A.) is not involved in the development of 
the process, but expects to be able to license the process. They expect no 
commercial conclusion to be drawn with regards to the process before 1983 


Information received by telephone from Mr. James W. Bumbaugh, Koppers, 
Engineering and Construction Div., Koppers Company, Inc., Pittsburgh, 
PA, August 1978. 


TEXACO COAL GASIFIER 


The Texaco gasifier was developed by Texaco, Inc. at their Montebello 
Research Laboratory in California during the 1940's. It was routinely 
operated from 1946 through 1954 to provide synthesis gas for an on-site 
pilot plant that was a modification of the Fischer-Tropsch process. 5 
Since 1953, the Texaco process has been in commercial use for the production 
of synthesis gas from petroleum feedstocks and is currently used in 
approximately 70 plants in over 20 countries. 6 ’ 7 The process, which was 
initially developed for the partial oxidation of natural gas, has developed 
the versatility to use light oils, residual oil, petroleum distillates, 
asphalt, heavy oils, or coal as feedstocks. The Texaco process is the only 
high pressure suspension gasification process that has been operated on an 
industrial scale. Most of this experience has been with heavy oil as 
feedstock and dates back to 1953. 

The Texaco gasifier is a vertical cylindrical pressure vessel (up to 
85 atm) with a carbon-steel shell, the top section where gasification occurs 
is refractory lined. The lower section (slag quench chamber), which 
contains a reservoir of water for the quenching of gas, is unlined steel. 6 

Process flow diagram of the Texaco coal gasification pilot plant is 
shown in Figure 3. In the process coal, which has been ground to pass 
through a 40-mesh screen, is mixed with water in a slurry mix tank. The 
resultant slurry containing about 40 to 60 wt.% coal is pumped through an 
optional preheater to a temperature of 700-1000°F or more. The coal 
particle size has been reported to be reduced further in this heating coil, 
either as a result of attrition or as a result of the rapid expansion of 
water undergoing evaporation. 5 Since the proportion of water required to 
slurry and pump the coal was greater than that required for efficient 
gasification, up to 75 percent of the steam is separated in a cyclone in 
front of the gasifier. 

The coal feed slurry enters the reactor either axially at the top or 
tangentially near the top through a water-cooled burner nozzle of pro- 
prietary design. Preheated oxygen is fed through a separate water-cooled 
nozzle oriented to prevent impingement of oxygen on the wall of the 
reactor. 8 Slag flows through a constricted opening at the bottom of the 
reactor into a quench tank and becomes granulated. The granulated slag, 
which is heavier than water and which generally contains less than one 
percent carbon by weight, is removed periodically from the bottom of the 
quench chamber by a lockhopper system. The fine solids, or soot, which 
are lighter than slag and which are principally ungasified carbon, are 
continuously removed from the quench section as an aqueous slurry. These 
solids are concentrated in a settling system and may be returned to the 
slurry preparation system if desired. Since the settling system operates 
at near-atmospheric pressure, flash gases are evolved with pressure letdown. 
The gases are reportedly very similar in composition to the product gas, 
except for a higher percentage of CO 2 and H 2 S , 5 If the clarified water 
from the settling system is recycled to the quench chamber and scrubbing 
section, a blowdown stream is required to maintain the total dissolved solids 
at a desired level. 5 This stream reportedly contains no tars or phenols. 

The quenched product gas can be treated in an acid gas removal system. 
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plant so that its performance can be studied . 9 

The pilot Texaco gasifier at Montebello operates at pressures up to 
350 psig and has a reaction volume of about two cubic feet. The temperature 
in the reaction zone ranges from 2000 to 2500°F. Throughputs of 1000 lb/hr 
of coal have been reported. Carbon conversions are primarily controlled 
by the amount of oxidant fed to the system, and are typically above 90 
percent on a single pass basis. Only limited performance data have been 
reported 10 with carbon conversions between 90 to 98%, thermal efficiency 
ranging from 75 to 80% and oxygen requirements of 350 to 375 scf/Mcf of 
make gas. The gas contained about 8 % CO 2 , 1% CH 4 , and had a H 2 /CO ratio 
of about one. It has also been reported that, the oxygen consumption rates 
ultimately expected are 15,000 to 20,000 scf per ton of dry coal with 80 
to 90% of the heating value of the coal appearing in the form of hydrogen 
and carbon monoxide in the synthesis gas. 

Very limited operating details and results using coal have been 
published for the Texaco process. Table 2 lists some typical results for 
gas, fuel oil, and coal firing . 5 It should be noted that at least for 
fuel oil operations the distribution of sulfur compounds in the product gas 
was very similar to that calculated for equilibrium. As an example, Texaco 
cited a study in which the observed sulfur distribution as hydrogen sulfide, 
carbonyl sulfide, and carbon disulfide was 89, 11, and 0.03 percent, 
respectively, and the calculated equilibrium distribution was 93, 7, and 
0.05 percent, respectively . 11 


COMMERCIAL CONTROL SYSTEMS 


The gasification of coal in an entrained flow system involves a number 
of processing steps. The steps in the direct process include coal storage, 
coal preparation, gasification, gas quenching, particulate removal and 
acid-gas removal. End use of the gas will determine if further gas pro- 
cessing, such as shift conversion, is required. In addition to the steps 
in the direct process, auxiliary facilities are required and usually 
include an oxygen plant, a sulfur plant, a utility boiler, raw water and 
waste water treatment facilities, and cooling towers. 

The complexity of the multi-step process for coal gasification increases 
the difficulty of controlling environmental pollutants. All aspects of 
the conversion process, from coal storage to final product, require extensive 
study to assess the potential for pollutant emissions, determine actual 
emissions, and proceed to a control strategy which is technically and 
economically effective. 

Figure 4 presents a simplified schematic of the overall process and 
delineates possible effluents from each processing step, excluding the 
mining operation. Each operation involved in the conversion process, from 
coal storage through final gas utilization, is a potential source of 
environmental pollution. Effluents from auxiliary facilities should also 
be considered. 

The following discussion relates to the operations that are somewhat 
unique to an entrained flow gasification process. Operations such as coal 
storage, coal preparation, oxygen production, and the utility boiler are 


Fuel Type 

Fuel Composition, Wt.% 

Natural 

Gas 

Fuel 

Oil 

Pittsburgh 

Coal 

Japanese 

Coal 

C 

74.42 

85.59 

77.3 

64.3 

H 

21.94 

11.38 

5.3 

4.9 

0 

1.67 

0.35 

5.2 

15.0 

N 

1.98 

0.72 

1.4 

0.9 

S 

- 

1.96 

2.5 

1.8 

Ash 

- 

- 

7.1 

13.1 

Moisture 

- 

- 

1 .2 

- 

Fuel Rate, Ib/hr 

1714 

429 

- 

- 

Oxygen/Fuel, lb/lb 

1.30 

1 .02 

0.84 

0.66 

Steam/Fuel, lb/lb 

- 

0.38 

0.70 

0.67 

Gas Composition, Mole % (dry) 

CO 

38.02 

47.97 

46.6 

45.7 

co 2 

2.19 

3.65 

11.5 

13.2 

h 2 

59.54 

47.45 

38.7 

37.9 

ch 4 

- 

0.44 

0.7 

0.6 

n 2 

0.15 

0.22 

2.0 

1.7 

h 2 s 

- 

0.02 

- 

- 

cos 

- 

0.02 

- 

- 

Gas Yield, scf(dry)/lb fuel 

58.38 

50.36 

38.31 

31 .06 

Materials per 1000 scf (CO + H 2 ) 

Fuel, lb 

17.6 

20.8 

30.6 

38.5 

Oxygen, scf 

271.7 

252.3 

306 

302 

Steam, lb 

- 

7.9 

21.5 

25.8 

Carbon Conversion, % 

100 

96.6* 

92.1* 

91.3* 


Calculated from reported data 
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GASIFIER OPERATIONS AND PARTICULATE REMOVAL 

The objective of gasifier operations for the K-T and Texaco processes 
is to react coal with oxygen and steam to produce a synthesis gas consisting 
of H2 and CO accompanied by varying amounts of CH4. During gasification 
other gases are produced, including CO2, N2, H2S, COS, and C2H6. Of these 
gases the sulfur compounds are of major consequence. Other potential, 
pollutants may also be generated: tars, oils, phenols, ammonia, particulates, 
other organic material, and trace elements. 

Although gaseous pollutants are produced in the gasifier, these are 
not of immediate environmental concern as they are contained in the raw gas 
leaving the gasifier and are treated in subsequent process treatment steps. 
Exceptions are emissions due to leaks in gasifier seals and in pressurized 
lock hoppers and other feeding systems. These leaks would allow gaseous 
pollutants to escape directly into the atmosphere and would be significant 
sources of pollution. This situation would require. immediate. correction. 

Contaminated water streams appear to be the major potential source 
of pollution from the gasifier, gas cooling, and particulate removal systems. 
Solid residues in the form of ash, slag, soot and sludge will require land 
disposal. These solid residues will contain inorganic ashes, metals, and 
unreacted carbonaceous matter of unknown composition that may prove to be 
of consequence. At present most gasification schemes use mine backfill or 
landfill as the method of disposal for this material. This method of dis- 
posal may prove to be environmentally unsatisfactory for some wastes, 
especially ash residues that have a high potential for leachability. This 
problem can only be evaluated after complete analysis of specific gasifier 
waste streams. 

Reaction zone temperatures in entrained flow gasifiers are necessarily 
high to achieve adequate conversion with a short residence time. Temper- 
atures are in the range of 3300 to 3500°F in the K-T gasifier and 2000 to 
2500°F in the Texaco gasifier. The product gas, therefore, contains no 
condensible hydrocarbons. No phenols, pyridines, or organics are produced. 
However, ammonia and cyanide are present in the K-T product gas. Gas 
analyses before and after particulate removal for a K-T system are shown 
in Table 3. 12 The analyses shown in Table 3 represent operating data from 
a plant using a primary and secondary venturi scrubber in which the gas 
is intimately contacted with recirculated water. 

Discharges to Air 

In the atmospheric pressure K-T system, discharges to the air could 
result from stripping the components dissolved in scrub water and direct 
contact cooling water by air in the cooling tower (see Figure 2). No 
further discharges to the air environment are foreseen since the product 
gas from particulate removal is compressed and passed to the acid gas 
removal system for further processing. 

As shown in Table 3, some components are retained in the scrub water 
and cooling water. 12 All concentrations after particulate removal should 
increase by a factor of 1.3 over concentrations before removal because of 
the decrease in H2O concentration resulting from condensation. Components 
retained in the scrub water are COS, HCN, SO2 and NO. These could be 
stripped by direct contact cooling of the scrub water. 


TABLE 3. K- Gas Analysis 


Volume Percent 


Component 

Before Particulate 
Removal 

After Particulate 
Removal 

CO 

37.36 

49.50 

CO 2 

7.13 

9.42 

CH 4 

0.08 

0.11 

h 2 

25.17 

33.35 

N 2, 

0.30 

0.40 

H?S 

0.23 

0.3 

COS 

178 ppmv 

15 ppmv 

HCN 

288 ppmv 

300 ppmv 

nh 2 

0.17 

0.22 

h 2 o 

29.19 

6.20 

Ar 

0.32 

0.42 

S°2 

22 ppmv 

15 ppmv 

NO 

7 ppmv 

7 ppmv 

Particulates 

(grains/scf) 

11.57 

0.002 


In the Texaco system, possible contamination of the air environment 
could result from combustion of gases from the flash drum, see Figure 3. 
These gases are flashed from scrub water and quench water solutions after 
pressure letdown in the flash drum. These gases will probably have a 
composition similar to the product gas but richer in components such as 
CO 2 , H 2 S, COS, SO 2 and NO. This stream may require treatment before it 
can be flared. 

Discharges to Water 

In commercial K-T plants, the reduction in particulate concentration 
shown in Table 3 is accomplished in the washer cooler, venturi scrubbers 
and separator. About 50% of the ash content in the coal leaves the 
gasifier as a slag quenched in water at the base of the gasifier. 

Water flow in the cooling and scrubbing system proposed for U.S. appli- 
cations is shown in Figure 2. Solids retained in the water are removed in 
a clarifier. If water is not a premium consideration, a slurry can be 
pumped to a disposal area. Water conservation can be effected by filtering 
the slurry, returning the water to the circulating system, and disposing 
the filter cake by truck or railroad car transfer to the worked-out mine 
or disposal area. Since all the particulate matter is slagged in the 
gasification process, Teachable contamination should be low. Water loss 
with the ash may serve as blowdown for the cooling towers. 

Analyses of water from the various cleaning and cooling stages in the 
Kutahya, Turkey, plant are shown in Table 4 . 12 This table shows the level 
of water contamination that occurs in commercial practice. Not all trace 
element concentrations are noted in Table 4; proposed drinking water 
standards, EPA 1975 limits, are 0.2 mg/1 for cyanide. 
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loss from the scrubber cooling tower (16,220 lb/hr drift loss with coal 

feed rate of 562,500 lb/hr, 8,830 BTU/lb, from Reference 14) with the 

composition shown in Column 7 of Table 4 are included in Column 3 of Table 5 

for comparison of releases to the standards even though drift losses are 
not a direct water discharge. Releases from drift loss approach the standards 
and indicate that water releases must be minimized, or waste water must be 
treated prior to release 

It may be necessary to steam strip gaseous components such as NH3, SO 2 , 
and HCN from the clarifier water before it passes to the cooling tower to 
prevent their being stripped by direct contact with air. Koppers proposes 
to remove a bleed stream from the recirculated water system to a steam 
stripper. Gaseous NH3, SO 2 , and HCN flow to a Claus unit and are combusted 
while the stripped water is cooled and returned to the circulating system. 

Considerations for the pressurized K-T and Texaco systems are similar 
to those for the K-T system. Water for gas cooling and scrubbing can be 
treated and recycled. Water streams from the Texaco process that must be 
treated include water from the slag quench chamber in the lower half of 
the gasifier unit, gas quenching liquor and process condensate, and clarifier 
water. 


TABLE 5. 

Adjusted New 

Source Performance 

Standards 

(pounds of pollutant per 10 

^ BTU feedstock. 

30 day maximum) 1 

Pollutant 

Petroleum 

Refineries 

Coke Making 

K-T Drift 

Loss Estimate 

BOD 

230-1015 

477 

200 (COD) 

TSS 

143-646 

242 

190 

Ammonia (as N) 

46-400 

242 

180 

Oil and Grease 

71-233 

12 

- 

Phenols 

1. 5-7.1 

5.8 

- 

Sulfide 

1.2-5. 8 




X&) Assumes heating values of 6.5 mm BTU/bbl of crude oil and 

12,000 BTU/lb of coal, with a coke yield of 0.69 lb coke/lb coal. 


dissolved matter, is drawn off near the bottom of the quench chamber and 
sent to a clarifier. No quantitative information is available on the 
characteristics of this stream; however, it is expected that the water 
will contain components such as shown in Table 4. Scrubber water (process 
gas condensate) from the scrubber knock-out pot is also sent to the clarifier. 
This stream is expected to contain suspended coal fines and slag, CN , S - , 

ammonia, trace elements and organics. 15 

Water from the clarifier in the Texaco System is circulated to the 
flash drum where flash gas is vented to a flare. Make-up water is added to 
the clarified water in the flash drum and the water is recycled to the 
quench chamber. 


Discharges to Land 

Sludge from the clarifier and slag from the quench system for entrained 
flow gasifiers are usually sent to landfill. The sludge may be dewatered 
by filtration either before or after transport to a disposal site. Since all 
the solids have been slagged, very little leaching to ground water should 
result. The water associated with the slag and sludge will have the 
compositions shown in Table 4, columns 2 and 6 respectively. 

Ash from the clarifier and slag quench system could have properties 
that significantly differ from power plant fly ash. 16 ’ 17 * 18,19 Ash from 
gasification processes is exposed to a reducing atmosphere, and elements may 
exist in a reduced form. Trace metals may be more soluble than fly ash 
trace elements in a number of water streams. This is likely to change 
effluent loadings to the waste water treatment facilities and, therefore, 
require alternative water treatment techniques. Furthermore, a change in 
solubility may affect the Teachability of inorganic compounds present in 
the final slag to be disposed and runoff from disposal areas will have 
to be monitored until firm data is established. Koppers-Totzek has reported 
data on major components in some of their water streams (see Table 4), but 
no data are available on trace elements. No information on trace elements 
is available on slag quench, sluice, or elutriation waters. From the 
water analyses in Table 4 it is apparent that the ash from Kutahya plant 
would render the soil basic. Unlike mine refuse and coal preparation 
refuse, the residue from gasification does not contain sulfur (pyrite) 
which causes the acid mine drainage problem. 

Discharges to land from entrained flow gasifiers is predicted not to 
cause any environmental problems. Since the ash has been slagged, dust 
problems from disposal sites should be minimal. Disposal sites should be 
monitored to characterize runoff streams. 


ACID GAS REMOVAL 

The removal of contaminants, especially sulfur, is a critical part of 
the gasification of coal. Contaminants that could potentially be present 
in the impure gas from entrained flow gasifiers consist of sulfur in the 
form of H 2 S, COS, SO 2 , and organic sulfur compounds, as well as nitrogen 
0 x 1 es, ammonia, cyanides, pyri dines, hydrocarbons, odors, trace elements 

F i ! fl * Ga A Ge ’ Cd ^ that volatilize at gasification tempera- 
w in l a t CUla es - Gases from drained flow systems are usually very 
ow in hydrocarbons because of high reaction zone temperatures. 


of reducing sulfur content in the gas to 0.1 ppm to 5 ppm. Carbon dioxide 
is also selectively removed in these processes along with the sulfur gases. 

Other processes have been proposed for the removal of acid gases. One 
of these is the Benfield Hot Carbonate Gas Purification process followed 
by sponge iron and activated carbon traps, as proposed for the Synthane 
process. Koppers-Totzek processes will use one of the three already men- 
tioned processes, while proposed Lurgi gasification facilities will use 
the Recti sol process or the Stretford process for H2S removal. 

Commercial processes for removal of sulfur gases are listed in 
Table 6. 20,21 These processes are usually insensitive to pressure, high 
pressure operation being preferred. The efficiency of these processes for 
removal of H2S is dependent on the concentration in the gas to be treated, 
but usually about 99 % of the H^S is removed. Regeneration of the solvent 
is accomplished thermally or with steam. In the chemical solvent and 
physical solvent processes, the H2S stream from regeneration is usually sent 
to a Claus plant where it is converted to elemental sulfur. In the direct 
conversion and drybed processes, regeneration produces elemental sulfur 
directly. 

Discharges to Air 

Gas purification has several potential release areas. A scrubbing 
system that uses a solvent must periodically dispose of spent solvent or 
regenerate it in some manner; either alternative could cause environmental 
problems. The extent of this disposal problem is dependent on the lifetime 
of the solvent and characteristics of the contaminants. If the H2S contain- 
ing stream is not oxidized in a Claus plant, another problem may arise. 

This problem involves traces of other components, such as NH3, COS, or light 
hydrocarbons, that may be present along with the H2S. These compounds may 
go through the sulfur production step unaffected, or may interfere with 
the sulfur recovery process. 

Discharges to Water 

Removal systems can be designed to reduce liquid effluents to zero pollu- 
tants. 12 Purge streams are usually incinerated to eliminate discharges to 
water. Alternatively, depleted solution may be sent to waste water treatment. 

Discharges to Land 

No solid effluent streams are encountered in acid gas removal. Elemental 
sulfur is produced in the Claus plant. 

AUXILIARY FACILITIES 

Facilities not directly in the process flow include the oxygen plant, 
sulfur plant, waste water treatment plant, makeup water treatment plant, 
the cooling tower, and the utility boiler. Some of these auxiliaries are 
needed to treat effluents from the main process. 

The auxiliary facilities represent well -developed technologies that 
have been in commercial use for many years. In most cases, their application 
to entrained flow gasification processes, such as the Texaco and K-T, is not 
unique. Possible exceptions include the sulfur plant (Claus plant) and the 
waste water treatment plant. 




Type of 

Temp. 

Process 

Absorbent 

Absorbent 

°F 


Chemical Sol- 
vent type: 


MEA 

Monoetha- 
nol amine 

Aqueous 

solution 

80 to 
120 

DEA 

Dietha- 

nolamine 

Aqueous 

solution 

100 to 
130 

TEA 

Trietha- 

nolamine 

Aqueous 
sol uti on 

100 to 
150 

A1 kazid 

Potassium 
dimethyl a- 
mino ace- 
tate 

Aqueous 

solution 

70 to 
120 

Benfield 

Activated 

potassium 

carbonate 

solution 

Aqueous 

solution 

150 to 
250 

Catacarb 

Acti vated 
potassi urn 
carbonate 
solution 

Aqueous 

solution 

150 to 
250 

Physical sol- 
vent type: 

Sol fi no! 

Sulfolane 
+ Diiso- 
propanomine 

Organic 
sol vent 

80 to 
120 

Selexol 

Polyethy- 
lene glycol 
ether 

Organic 

solvent 

20 to 

80 

Recti sol 

Methanol 

Organic 

solvent 

<0 

Direct Con- 
version : 

Stretford 

Na 2 C 03 + 
anthraqui- 
none sulfonic 
acid 

Alkaline 

solution 


Drybed type: 

Iron Sponge 

Hydrated 

Fe 2 0 2 

Fixed bed 

70 to 
100 


uu on ippcu yaoc^ w i ui a myn cunLeriL relative lo N20. 

Efficiency of sulfur recovery decreases as the inlet concentration of 
H 2 S to a Claus plant decreases. An inlet concentration of over 20 volume % 
H 2 S is desirable. The presence of CO 2 in high concentration can also 
present problems by reacting with H 2 S to form COS. With the availability 
of Claus tail gas cleaning processes, adequate commercial technology for 
sulfur control is available for use with entrained flow systems. Sulfur 
recovery in the form of sulfuric acid and elemental sulfur is being 
practiced at K-T installations throughout the world. 

Applicable commercial processing steps for waste water treatment 
include stripping for removal of dissolved gases (H 2 S, NH 3 , CO 2 ), clari- 
fication for removal of suspended solids, biological oxidation, and sand 
filtration. The main waste water sources are the slag quench water, 
particulate scrub water, and spent solvent solution. Waste waters from 
entrained flow systems will be low in dissolved organics since the high 
gasification temperatures destroy heavy organics. The low organic content 
should simplify waste water treatment. 

ENERGY REQUIREMENTS 

The environmental impact of an operation can be related directly to 
the energy used for that operation. It is, therefore, extremely important 
to determine the areas in a system that require large amounts of energy. 

Energy requirements for different operations employed in the K-T 
gasification process were determined from literature sources and are 
tabulated in Table 7. Sources of information are referenced in the table. 

TABLE 7. Process Energy Requirements 


Operation 

Coal Preparation (drying and grinding) 

Particulate Removal 

Compression 

Acid Gas Removal 

Oxygen Plant 

Sulfur Plant 

Tail Gas Cleanup 

Cooling Water Pumps, Air Fans 


Required Energy, % of Gasifier Input 
J "~ " Koppers-Totzek 


15 . 4 ^ ( 7 . 2 )^ 
4 - 7< d > 

n.i^ e ^ (I6.9) ^ 

o> 

1 . 8 ^ 


Xal Data from Reference 14, calculated as described above. 

(b) Data from Reference 22, pp. 20-100 to 20-108. 

(c) Adiabatic compression to 165 psig. 

(d) Data from Reference 23. 

(e) Data from Reference 20, p. 14. 

(f) Data from Reference 24. 


pound of steam was considered to cost iouu tsiu ut tussii energy ana iu,000 
BTU of fossil energy produced 1 kWh of electricity. _ 

Generation of the oxygen required for coal gasification and gas compres- 
sion are the major users of energy in the gasification systems. Coal 
preparation (mainly drying) and acid gas removal are also large users of 
energy. Examination of process improvements in these areas, therefore, 
have the greatest potential for energy savings. Decreasing energy demand 
will benefit the environment in direct proportion to energy savings. However, 
the areas represented as large energy users represent highly developed 
technology. It is unlikely, for example, that significant energy saving 
improvements in oxygen plant operation can be expected. Acid gas removal 
processes can be selected on the basis of their energy requirement, e.g. steam 
requirements for solvent regeneration vary significantly for different 
processes . 23 


CONCLUSIONS 


Several conclusions may be drawn from this study: 

1. Coal storage, preparation and drying processes are commercially 
available. Coal storage and handling methods used by coal-fired power plants 
should be directly applicable to gasification using Koppers-Totzek and 
Texaco gasifiers. Crushing and drying requirements for gasification are 
somewhat more severe than those encountered by coal -fired pov/er plants. 

2. Sulfur and particulates are completely removed from the product 
gas in the commercial operations as required for use of the gas for chemical 
synthesis. These systems have been in use for over 40 years. Claus plants 
are employed in some of these commercial operations to convert the sulfur 
compounds to environmentally acceptable elemental sulfur. Reduced H 2 S con- 
centration in stripped gases to the Claus plant will reduce efficiency 

for sulfur recovery. 

3. Tail-gas cleanup processes for reduction of Claus plant emissions 
and increasing sulfur recovery are available. 

4. Major energy users in the processes are oxygen production, acid 
gas removal, and gas compression. 

5. Since essentially no tars or hydrocarbons are produced in entrained 
flow gasification processes, water cleanup problems are minimal and should 
cause no unique waste water treatment problems for conventional water 
treatment methodologies. Dissolved compounds such as NH 4 , H 2 S and HCN and 
leached trace elements are the contaminants of concern. Waste water will 

be cleaned and recycled for process use. Chronic loss of water results from 
direct contact cooling tower operation. Control of losses from evaporative 
cooling towers is a major concern. 

6 . Large quantities of ash and slag will be generated with commercial 
gasification processes. An assessment of ash compositions and ash disposal 
techniques should be undertaken to determine the adequacy of current 
control methodologies. 

7. Although much information has been written about coal gasification 
processes, there are many areas in which data is lacking in the environmental 
aspects of the processes. These areas include: 1) determination of the 
fate of trace metals, especially those considered to be volatile and 
hazardous, 2 ) quantification of volatile emissions from cooling towers, 


oiuy k i ^ / uw^inmiuuiuii vuiqu ic iuuitancci v n £°j *' n o 5 cuiu uryani^D; 

from clarifiers and slag quench tanks, 6) determination of the chemical 
properties of clarifier effluent and sludge, and 7) a better general 
characterization of most process streams-. 


RECOMMENDATIONS 


This study and previous studies reveal that, with the possible excep- 
tion of trace elements, adequate control technology is commercially available 
Improvements in these technologies are needed to reduce energy requirements 
and environmental releases. The major need is to demonstrate that the 
control systems give adequate cleanup with actual process streams. This can 
be done in two ways: 

1. Characterize flows and control equipment performance in existing 
operating plants. 

2. Install production capacity based on the gasification technologies 
and thoroughly characterize flows and environmental releases at 
these installations. 

The first option involves getting permission from operating plants to 
instrument their facility to determine process flows and to monitor the 
area surrounding the plant, EPRI funded a study on gasification of COED 
char in a K-T gasifier at Puentes, Spain. The report on the results of 
this study has not been issued at this time. The fact that COED char was 
gasified in a K-T unit at Puentes, Spain, indicates that cooperation with 
operating plants and foreign countries is possible. However, operators 
are usually very sensitive concerning studies relating to environmental 
releases, and the flexibility in modifying or changing processing conditions 
would be severely limited in testing at a commercial facility. 

Installation of production capacity based on these gasification technolo 
gies is the recommended approach. Rather than install units in a highly 
industrialized area such as Cedar Bayou, Texas, as recently announced, 25 
it is recommended that units be installed where effects of trace elements 
and other releases can be thoroughly characterized. 

The following steps are recommended to demonstrate the adequacy of 
environmental control technology for gasification: 

• Install a 300 t/d (or larger) ammonia fertilizer plant in a 
non-industrial ized area. 

® Thoroughly characterize the state of the environment at the plant 
location before operations begin. 

® Monitor releases from the plant during operations. Determine all 
process flows in the operating plant. 

• Determine trace element behavior to see if any mechanisms for 
accumulation of toxic quantities are acting. 

Successful demonstration of the project in an industrially undeveloped 
area would answer questions of environmental concern. Results would be 
extremely valuable in establishing environmental standards. This would allow 
employment of a technology to use coal to produce a product that is 
presently a large consumer of dwindling supplies of natural gas. 
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Coal conversion processes employing wet cleaning of gases transfer a 
major fraction of coal chlorides and fluorides to the gas condensate. The 
presence of halides and other strong electrolytes , absorbed from the gas or 
leached from particulates, compromises the prospects for reuse of the condensate. 

Preliminary absorption of halides involves a controlled two stage quench 
that collects particulates and absorbs strong electrolytes in a segregated, low 
volume, primary condensate. The larger volume secondary condensate collected 
from the second stage quench is amenable to partial desalination by steam strip- 
ping of volatile weak electrolytes and biological treatment for removal of 
organic compounds. 

A study was made to assess the technical and economic feasibility of two 
stage gas quenching at a hypothetical producer gas plant operating on alternate 
feeds of high halide Eastern coal and low halide Western coal. The results 
indicated that a first stage quench collecting 10 percent of the total con- 
densate would absorb over 99 percent of gas chlorides and over 97 percent of 
gas fluorides. Some thiocyanate was presumed to collect in the secondary 
condensate that compromised the efficiency of weak electrolyte removal by 
steam stripping and biotreatment. The ratio of electrolyte concentration for 
treated primary condensate to treated secondary condensate for Eastern and 
Western coals was 89 to 1 and 18 to 1 respectively. Comparative cost estimates 
of two-stage quenching versus single stage quenching with desalination of 
effluent by reverse osmosis indicated that two-stage quenching was more econ- 
omical for high halide Eastern coal and that reverse osmosis was more economical 
for low halide Western coal. 

It was concluded that the two stage quench system was economically 
favored as compared to reverse osmosis desalination of single stage conden- 
sate where the gasifier gas contains high halide content and/or high moisture 
content. The two-stage concept is considered to be widely applicable to coal 
conversion processes employing wet gas cleaning. 

The mechanism and location of thiocyanate formation in two-stage quenching 
was not defined in the study. If thiocyanate forms during the first stage 
quench it is purged with the high electrolyte discharge. If thiocyanate forms 
during the second stage quench it will add to the electrolyte content of the 
secondary condensate that is reused in the process. Research is indicated to 
resolve the thiocyanate question as well as to any special materials requirements 
for the first stage quench system. 


Paper presented at U.S. DOE Environmental Control Symposium, Washington, D.C., 
November 28-30, 1978. 


Coal conversion processes employing wet cleaning of gases transfer a 
major fraction of coal chlorides and fluorides to the wastewater discharge. 
The presence of halides and other strong electrolytes in wastewater com- 
promises the prospects for reuse, unless resort is made to energy intensive 
desalination technology. 

An alternate concept to desalination involves the application of a two- 
stage gas quench where the first stage preferentially absorbs strong electro- 
lytes in a low volume flow and the second stage comprising most of the 
condensate is collected relatively free of strong electrolytes. Thus the 
preliminary absorption of halides and other strong electrolytes in a low- 
volume first stage quench produces a condensate from the second stage quench 
that is relatively free of strong electrolytes. The volatile weak electro- 
lytes present in secondary condensates can be stripped from the water and 
the organic substances can be removed by bio-oxidation to yield an effluent 
that has a low dissolved solids content. 

The purpose of the present study was the evaluation of the theoretical 
performance and economic feasibility of the two-stage gas quenching concept 
for a fixed bed coal gasification facility using 1500 tons per day of coal. 
The study compares the relative cost of two-stage quenching with single stage 
quenching plus equivalent desalination. The study examined both air blown 
and oxygen blown gasification technology, with air blown results selected for 
presentation herein. The analysis of performance is considered to be repre- 
sentative of tar producing coal gasification technology employing wet 
cleaning of producer gas. The analysis of practicality applies only to the 
system studied. 


PROCESS DESCRIPTION 

The hypothetical gasification plant selected for the study employed 
five 300 ton per day fixed bed gasifiers for an operational capacity of 1500 
tons per day of coal. The gasifiers were modeled after the pressurized, 
stirred, fixed-bed gasifier of the Morgantown Energy Technology Center(l). The 
gasifiers had an assumed diameter of 13 feet and were operated air blown at 
a pressure of 103 psia. Steam at a pressure of 110 psig and a temperature of 
350° F was injected into the gasifier and the outlet gas temperature was 
estimated as 1050° F. The gasifiers were operated on Illinois No. 6 coal 
and Montana Rosebud coal with analyses as reported in Table 1. The Illinois 
No. 6 coal was selected as representative of a high halide Eastern coal. The 
Montana Rosebud coal was selected as representative of a low halide Western 
coal . 

The gas from the hypothetical gasifiers was passed through a dry cyclone 
and a heat recovery system to yield a feed to alternative gas cleaning 
systems at a temperature of 400° F and a pressure of 95 psia. The first 
system illustrated in Figure 1 provided conventional single stage gas clean- 
ing consisting of a venturi scrubber, a spray cooler and an electrostatic 
precipitator to produce a cooled gas at 1 1 0°F . The second system illustrated 
in Figure 4 provided two-stage gas cleaning consisting of a venturi scrubber 
o owed by a sieve tray absorber in the first stage and a spray cooler 


111. No. 6 
Coal 


Montana 

Rosebud 

Coal 



wt% 

wt% 

c 

65.70 

50.56 

H 

4.80 

3.18 

S 

3.70 

1.09 

N 

1 .10 

0.90 

0 

8.04 

9.81 

Cl 

0.25 

0.03 

F 

120ppmw 

30ppmw 

Ash 

11.20 

9.73 

H 2 0 

5.20 

24.70 

100.00 

100.00 


Higher Heating 
Value, Btu/lb 


11,750 


8,611 



FIGURE 1: ILLUSTRATION OF PRODUCER GAS CLEANING BY SINGLE 
STAGE QUENCH 







FIGURE 2: ILLUSTRATION OF GAS CLEANING BY TWO STAGE QUENCH 






variabl^leve^basis^in conjunction with a controlled blowdown from the 
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level in the decanter so as to condense more water as the level in the 

Concepts for treatment of condensates collected from single stage and 
two-stage quenching are illustrated in Figures 3 and 4 . The condensates 
discharged from the gasification process were stripped with steam for 
removal of NH3 and H?S, which were returned to the gas prior to desulfur- 
ization. Separate strippers were required for first stage and for second 
stage condensates. Sodium hydroxide was added to strippers operating on 
single stage and first stage condensates to free fixed ammoma. The addition 
of sodium hydroxide was not required for the stripping of second stage 

condensates. . ,, , . „ 

The bottoms from the strippers were biologically treated by the acti- 
vated sludge process for removal of cyanides, thiocyanates, phenols and 
other organics. The effluent was filtered by granular media filtration for 
capture of fugitive suspended solids. Separate treatment facilities were 
required for condensates from first and second stage quenching. 


METHODS 


The study involved the conceptual design of process units, estimates of 
process performance and estimates of costs. The gas composition from the coal 
feeds given in Table 1 were estimated from material and energy balances 
keyed to operational data obtained from the MERC pilot plant stirred, fixed 
bed gasifier with heat losses taken as 2 percent of the total heat input. 
Where supplemental information was required for the analysis, performance 
projections were keyed to operating data from the Lurgi fixed bed gasifier 
at Westfield Scotland ( 2 ). 

The chemical characteristics of the condensates were estimated with the 
assumption that equilibrium conditions were achieved in the absorption tower 
and in the spray cooler for the overhead temperature and pressure of each 
device. That is, the condensate blowdown was assumed to be in equilibrium 
with the vapor leaving the towers. Chemical equilibria were estimated by 
methodology of Edwards et. al . ( 3 ) supplemented by empirical correlations 
based on operational performance of similar systems. 

The computer program (WAVES) developed in the reference predicts vapor 
liquid equilibirum for the system NH3 - H2S - HCN - SO2 - H2O. The program 
was modified to predict vapor liquid equilibrium for the system NH 3 - CO2 - 
H2S - HCN - HC 1 - HF - H2O and applied to the prediction of condensate char- 
acteristics. . The condensate characteristics predicted by the program were 
adjusted toinclude absorption of phenol, the presence of tar and the form- 
ation of thiocyanate. Thiocyanate formation is a complex phenomenon that 
was not resolved in the study. Based on coke plant correlations it was 
assumed that approximately 70 percent of the cyanide absorbed was converted 

to thiocyanate in the usual case where excess sulfur was present in the 
system. 
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Estimates of residual concentrations in the stripper bottoms were based on 
analysis of vapor-liquid equilibria adjusted by performance correlations from 
coke byproduct plants and petroleum refineries (4) (5). Based on performance 
correlations, the phenol residual in the stripper bottoms was estimated as 
80 percent and total cyanide residual was estimated as 60 percent of input values. 

The activated sludge facilities consisted of equalization, aeration, 
settling, granular media effluent filtration and attendant sludge dewatering 
systems. The systems were designed to operate in a temperature range of 
from 75 to 95° F at a sludge loading of 0.05 lbs. phenol per lb. mixed liquor 
volatile suspended solids. The performance of the systems was estimated from 
correlations with waste treatment results at coke plants and gasification 
plants. 

Order of magnitude estimates were prepared to enable comparison of costs 
of conventional single stage quenching with costs of two-stage quenching. 

The estimates were prepared from engineering flow sketches and sized equipment 
lists. The scope of the estimates encompassed the gas cleaning trains, waste- 
water storage facilities, wastewater stripper facilities and wastewater 
treatment facilities. Order of magnitude estimates were also prepared for 
wastewater desalination by reverse osmosis. 

RESULTS 

The higher halide and sulfur contents of the selected Illinois No. 6 
coal described in Table 1 as compared to the selected Montana Rosebud coal 
yielded higher concentrations of HC1 and HF in the gasifier raw gas as 
indicated in Table 2. Residual concentrations of HC1 and HF in the cooled 
gas leaving the gas train were less than 0.0001 percent of gasifier gas 
concentrations. Thus halides were projected to be substantially removed by 
effective wet gas cleaning. For a given coal, the cooled gas leaving the 
electrostatic precipitator had essentially the same composition whether pro- 
cessed by single stage or two-stage quenching. 

Figure 5 illustrates the predicted relationship for HC1 absorption as 
a function of the water condensed in the first stage quench. The combination 
of the venturi scrubber (15 in wg. pressure drop) plus the sieve tray absorber 
with 9 trays was indicated to remove 99.9999 percent of the chlorides from 
Illinois No. 6 producer gas at a condensation level of 20 gallons per ton of 
coal fed. This constituted essentially complete removal of chlorides in the 
first 20 gallons (7 percent) of a total of 290 gallons of condensate produced 
per ton of coal fed. Somewhat higher absorption of HC1 was projected for 
operation with Montana Rosebud due to increased alkalinity of the condensate. 

The predicted removal of HF as a function of volume of condensate is 
presented as Figure 6. With producer gas from Illinois No. 6 it was pro- 
jected that a first stage quench of 30 gallons per ton would absorb over 98 
percent of the HF from the gas. This amounted to 98 percent removal of 
fluoride in the first 10 percent of the total condensate. Fluoride removal 
from gas produced from Montana Rosebud was predicted to be higher because of 
increased alkalinity in the condensate. Thus the concept of preliminary 
absorption of halides was theoretically viable. 

The projected results of steam stripping and biotreatment of condensates 



i 1 nnois 
No. 6 
Mole % 

Montana 
Rosebud 
Mole % 

co 2 

9.56 

11.72 

CO 

9.90 

11.88 

h 2 

15.01 

16.32 

h 2 o 

30.73 

21.23 

ch 4 

1.59 

1.69 

c 2 h 6 

0.14 

0.17 

H2S + cos 

0.47 

0.22 

N 2 + A 

32.38 

36.47 

nh 3 

0.17 

0.27 

HC1 

31 Ippmv 

60ppmv 

HF 

28ppmv 

1 1 ppmv 

HCN 

1 73ppmv 

272pprnv 


100.00 

100.00 

Higher Heating 
Value, Btu/scF 

102.9 

114.0 

Gas outlet 
temperature °F 

1050 

1050 

Operating 
Pressure Psia 

103 

103 

Gas Flow 

SCFM 

178,800 

112,100 


CHLORIDES REMAINING IN GAS AFTER FIRST STAGE QUENCH 
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FLUORIDES REMAINING IN GAS AFTER FIRST STAGE QUENCH 



UNIT VOLUME CONDENSED, GAL/TON COAL FEED 

FIGURE 6; EFFECT OF UNIT VOLUME CONDENSED ON ABSORPTION OF FLUORIDES 








atediii stripping was inaicatea to effectively remove volatile weaK 
electrolytes such as NH 3 , CO 2 and H 2 S. Free cyanide would also be quanti- 
tatively removed but it forms stable complexes of low volatility with metals 
such as iron and it reacts through various mechanisms with sulfur compounds 
during cooling of the gas to form thiocyanate - a strong electrolyte. Thio- 
cyanate and metal cyanide complexes are refractory to the steam stripping 
process andtherefore go with the stripper bottoms to biological treatment. 

Biological treatment is projected to achieve excellent conversion of 
phenol plus substantial conversion of other organics and thiocyanates. 

The degradation of thiocyanate to ammonia and sulfate will contribute un- 
wanted electrolyte to the second stage quench. The analysis projected that 
the strong electrolyte content of the second stage quench was 9 percent of 
a single quench and 1.1 percent of the first stage quench of 34 gallons per 
ton Illinois No. 6 coal feed. Thus the condensate from the second stage 
quench was of better quality for reuse than the condensate from the single 
quench. 

The predicted results of steam stripping and biotreatment of condensates 
from gasifier operation on Montana Rosebud coal are presented in Table 4. 

The predictions forecast excellent removal of volatile weak electrolytes in 
the stripper and excellent removal of phenol by biological treatment. The 
strong electrolyte content of the second stage condensate was projected as 
34 precent of the single quench condensate and 5.4 percent of the first 
stage condensate of 13.8 gallons per ton coal feed. The lower relative 
performance indicated for two-stage quench systems on Montana Rosebud was 
attributed to the lower hal ide content of the coal feed. 

A cost comparison of single stage and two stage quench systems is 
facilitated by reference to Figures 3 and 4. The single stage quench will 
require a desalination operation to produce low electrolyte water for reuse 
whereas the two stage quench entailed the inclusion of a sieve tray absorber 
in the first stage quench and independent facilities for decanting, stripping 
and biotreatment of the first stage condensate. 

Table 5 presents a comparison of estimated capital cost differences for 
the hypothetical gasifiers designed for air blown operation on Illinois No. 6 and 
Montana Rosebud coals. The capital cost for gas cleaning and condensate 
treatment systems was higher for two stage quenching than for single stage 
quenching. The difference was estimated as 2.2 million dollars for operation 
on Illinois Number 6 and 2.3 million dollars for operation on Montana Rosebud. 
The upgrading of single quench wastewater quality from Illinois No. 6 by 
application of reverse osmosis to attain comparability with the two stage 
quench was indicated to be cost ineffective. With Montana Rosebud the capital 
cost estimates indicated that there was potential for upgrading single quench 
water quality or for disposal to pond evaporation. Pond evaporation of 
single quench would feature a loss of the value of the second stage quench 
as makeup to reuse circuits. Pond evaporation was not evaluated for Illinois 
No. 6 operation inasmuch as it is not a viable alternative for the Eastern U.S. 

A comparison of estimated annual costs is given in Table 6 for single 
stage and two stage quench systems with equalized reuse potential. Equalized 
reuse potential is taken as the separation of a reverse osmosis concentrate 


Table 3: Effect of Treatment on Condensate Characteristi 
Illinois No. 6 - Air Blown 
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Table 5 

Estimated Capital Cost Differences for Single and Two Stage Quench Systems 
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Table 6 

Estimated Annual Cost Differences for Single Stage 
and Two Stage Quench Systems with Equalized Reuse Potential 
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reverse osmosis operating on inmui* 

360,000 dollars per year than a two stage quench system, 
sidpred ch&ract6ri Stic of h i Q h hdlido cosls. 

With Montana Rosebud coal, the analysis in Table 7 suggests that the two 
stage quench system is more expensive by about 100,000 dollars per year than 
the single quench system plus reverse osmosis, 
characteristic of low halide coals that yield a 


The finding is con- 
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The finding is considered 
small volume of condensate. 


DISCUSSION 


The applicability of a gas cleaning system using a two stage quench to 
effect preliminary absorption of halides has been indicated to be technically 
feasible. The process objectives of capture of particulates, absorption of 
strong electrolyte gases and efficient demisting in the first stage quench 
were attainable by application of conventional process technology. The objec- 
tive of control of the unit volume of first stage condensate was feasible by 
engineered application of a variable level first stage tar decanter. The 
analysis of benefits of the two stage quench are considered conservative inas- 
much as the analysis was based primarily on absorption of HC1 and HF. In 
actuality, the isolation of the secondary condensate from contact with flyash 
and volatilized salts would increase the contrast between the quality of pri- 
mary and secondary condensates. The quality of the secondary condensate is 
expected to be far superior to the primary condensate. The combination of 
steam stripping and biotreatment of the condensate from the second stage quench 
is indicated to produce an effluent of low dissolved solids content. It is 
evident that the low dissolved solids effluent would be amenable to reuse as 
service water to the coal conversion process with substantially less upgrading, 
than comparably treated condensate from a single stage gas cleaning process. 
Parenthetically it should be recognized that activated sludge effluents from 
treatment of coal conversion wastes characteristically contain low concentra- 
tions of organic matter - including some dark color bodies, so supplementary 
treatment would be required for some reuse applications. 

The formation of thiocyanate during two-stage quenching is an enigma that 
was not resolved in the study. Appreciable thiocyanate is usually present in 
condensates from single stage quenching of producer gas and coke oven gas. It 
is established that thiocyanate can form as a result of reaction of free cyan- 
ide with sulfur, organic sulfur or oxidized inorganic sulfur ( 6 ) ( 7 ) (8). 

The dilemma in two-stage quenching is the estimation of the extent of thiocyanate 
formation in the second stage quench. 

In two-stage quenching, the first stage quench cooled the gas to the 230- 
280° F range depending on the specific situation. It can be speculated that 
thiocyanate formation may occur in the first stage inasmuch as oxidized sulfur 
would be absorbed, and particulates bearing free sulfur and possible catalytic 
properties would be removed. Thiocyanate formed in the first stage quench 
would be removed from the process with the high electrolyte purge and would 
not register as electrolyte in the condensate from the second stage quench. 

Thiocyanate formation in the second stage quench would be favored by the 
presence of organic sulfur, ammonia and cyanide as well as by temperature con- 
ditions. The limited availability of oxidized sulfur or external oxidant would 
presumably restrict reaction between cyanide and sulfide. However, reactions 


from the second stage quench were sufficient to cover the situation. It is 
conceivable that lower concentrations would be realized in practice — which 
would register as improved quality of second stage condensate. 

Absorption of HC1 and HF in the first stage quench was assured by install- 
ation of a sieve tray absorber in conjunction with the venturi scrubber. The 
sieve tray absorber was the principal gas train component in the cost differ- 
ential between single stage and two-stage quenching. It follows that cost 
savings would be realized if the combination of venturi scrubber plus efficient 
mist eliminators could be experimentally verified as adequate from the stand- 
point of absorption. Absorption of HF was indicated to control the design of 
the absorption system. Efficient mist elimination between first stage and 
second stage quenches is essential. 

The cost estimates were prepared on the basis of carbon steel vessels 
and tanks in the gas train. The high electrolyte concentration of condensate 
from first stage quench, combined with suppressed pH, could necessitate the 
application of special corrosion resistant materials. Consultation with 
chemicals industry design engineers produced the recommendation of titanium 
clad vessels and tanks. Consultation with coke byproduct plant design 
engineers produced the recommendation of carbon steel with the expectation 
that the units would be tar coated. The position of the author is that the 
materials situation warrants experimental investigation including the possible 
application of neutralization in conjunction with corrosion inhibitors. A 
requirement for exotic materials would compromise the cost analysis presented 
herein. 

The applicability of biological treatment to the wastewater was assumed 
inasmuch as coke and gas house liquors have been biologically treated for over 
40-years. However, it is also recognized that problems have been experienced 
with biological treatment of some coal conversion process wastes, especially 
when the electrolyte concentration was high (9). For study purposes it was 
assumed that treatment problems could be resolved by process modifications to 
suit the specific situation. Some reservation is also expressed regarding 
the applicability of reverse osmosis to substrates containing a variety of 
non-specific organic compounds. The record of the process is spotty for such 
applications, but some latitude is available by process modification. 

CONCLUSIONS 

The following conclusions were developed during the course of the study: 

1. The concept of preliminary absorption of hal ides and other strong 
electrolytes in a low volume primary condensate was indicated to be technically 
feasible for the gasification system studied. The essential features of the 
first stage quench are particulate removal, strong acid gas absorption and mist 
elimination. The technology is considered to be widely applicable to coal con- 
version processes employing wet gas cleaning. 

2 . The two stage quench system was indicated to be economically favored 
as compared to reverse osmosis desalination of single stage condensate where 
the gasifier gas contains high halide content and/or high moisture content. 

3. Thiocyanate in the secondary condensate was indicated as a possible 
limitation to water quality that was not quantified in the study. 


The study results reported herein represent the accomplishments of many 
individuals on the staff of Arthur G. McKee and Company and elsewhere. Particular 
recognition is due: Dr. K. C. Vy as, Lead Alternate Fuels Engineer; K. J. 
Kosinski , Project Process Engineer; and E. S. Hayes, Project Estimator. 

Valuable assistance was also contributed by Dr. G. D. Case and A. S. Moore, 
Jr. of the Morgantown Energy Technology Center and by Dr. Fred E. Witmer, 
Technical Project Officer, Division of Environmental Control Technology, DOE. 

The study was performed under Contract EE-77-C-02-4375 with the Division of 
Environmental Control Technology, Department of Energy. 
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1 . INTRODUCTION 

Environmentally related studies of slagging fixed-bed gasification at 
the Grand Forks Energy Technology Center (GFETC) were initiated in 1976. A 
principal factor involved was the availability of a pilot-scale fixed-bed 
gasifier which could be quickly restored to operational status. Initially 
the pilot plant and gasifier was constructed and operated under the Bureau of 
Mines during the period 1958-1965 to demonstrate the feasibility of slagging 
operation and the parameters involved. The major objectives of the reacti- 
vated project are to develop: 1) a scaleable process data base on feed/ 
product material balance, and 2) a detailed environmental assessment of the 
slagging fixed-bed gasifier (SFBG) process. The pilot plant has been oper- 
ated in its original configuration for two years, however, plant and gasifier 
capabilities will be significantly expanded by modifications which are 
currently in progress. When modifications are completed and operation 
resumed, information will be obtained on a variety of test coals, including 
both low-rank non-caking coals (lignites and subbituminous) and bituminous 
coals with a range of caking characteristics. 

The environmental assessment will include extensive sampling and 
analyses of process streams to characterize gaseous, solid, and liquid 
effluents, and testing of pilot plant-scale simulations for treatment of 
liquid effluents to establish the feasibility of zero discharge of liquids 
and safe disposal of solid wastes. The objectives of the GFETC project 
directly support the application of the slagging fixed-bed gasification 
technology to commercial development. The 25 ton/day gasifier has, at 
present, the unique capability of generating coal-specific data at reasonable 
cost for the large number of candidate U.S. coals. 

In the particular area of liquid effluents and their treatment, a major 
part of the assessment performed on the SFBG is believed to be substantially 
applicable to fixed-bed, dry-ash gasifiers proposed to be used in first 
generation SNG plants. This will be validated, if possible, through compara- 
tive tests or bench-scale simulations. The GFETC gasifier can then provide 
information desired by the public on specific feed coals proposed for dry-ash 
SNG projects and industrial applications. 


2. DESCRIPTION OF PILOT PLANT FACILITIES 

The- gasifier at the Grand Forks Energy Technology Center is a pilot- 
scale version of a conventional pressurized fixed-bed gasifier. In the 
commercial "dry-ash" process, gasification temperatures are maintained 
sufficiently low by the use of excess steam to allow removal of the ash in 


to dry-ash removal operation. The steam consumption per unit or coal gas i f led 
in a slagging gasifier is about one-fourth of that required for a dry-ash 
unit, while at the same time, the gas production capacity per unit cross- 
sectional area is as much as three or four times that of the dry-ash gasifier. 

Figure 1 is a cross-sectional view of the original GFETC gasifier. Coal 
is batch-charged to a lock hopper and gravity feeds into the main body of 
the gasifier. The coal is heated by the countercurrent flow of hot gases. 

As it descends, coal is first dried and then carbonized. At the hearth area, 
only a residual char composed of carbon and ash remains. The oxygen/ steam 
mixture is admitted through four tuyures just above the hearth, where the 
gasification and combustion reactions occur. Temperatures at the hearth are 
sufficiently high to maintain the ash in a liquid state, and the molten ash 
drains through a centrally located taphole into a water quench bath. A slag 
is produced which resembles coarse sand. It settles to the bottom of a 
water-filled lock hopper and is periodically removed. 

The flow diagram of the pilot plant system is shown in figure 2. The hot 
gases pass up through the fuel bed, heat the coal, and carry the tar, light 
oil, water vapors, and the gas produced during carbonization to the gas 
offtake. The product gas stream is, therefore, a mixture of desired gas plus 
a variety of condensibles and other components. This stream enters a washer 
where a spray of the aqueous fraction of gas liquor which is recycled and 
cooled condenses water, light oil, tar vapors, and removes entrained dust 
particles. Accumulations in the spray washer are periodically discharged. 

The gas is then cooled, depressurized, and passed through a coke-filled 
scrubber for final cleanup before it is metered. Up to 1 ton/hr of lignite 
can be gasified in the unit at a 400 psig operating pressure. 

The objectives and capabilities of the GFETC pilot plant program were 
expanded beginning in early 1977. Two major changes are involved. The pilot 
plant and gasifier are being modified to provide the capability to: 1) oper- 
ate continuously for periods of 5 to 7 days, and 2) to test agglomerating 
coals. Design of additions or modifications to existing facilities of the 
Center was initiated, and construction phases are in progress. The gasifier 
will be relocated in an addition to the existing pilot plant in which a 
centralized control room and laboratories for effluent-related functions will 
be provided, and a conveyor system for unmanned coal charging of the gasifier 
is being installed. 

Modifications to the gasifier include: installing a stirrer which 
operates in the top portion of the bed, and providing a double coal lock 
charging system with feeders. A cross-sectional view of the modified gasi- 
fier is shown in figure 3. Auxiliary additions include gas liquor sepa- 
ration, storage, and incineration, and a nitrogen supply purge system. A 
schematic of the modified pilot plant system is shown in figure 4. A con- 
ceptual drawing of the gasifier and facility is shown in figure 5. 
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Figure 1. - Cross section of original 6FETC slagging gasifier, 
Configuration used until September 1978. 










COAL LOCKS 


Figure 3. 


COAL LOCK VALVES 

ROTARY FEEDERS 

BACKUP VALVES 
STIRRER DRIVE UNIT 


GAS OFFTAKE 


STIRRER 


WATER JACKET 



OXYGEN -STEAM TUYERES 
SLAG BREAKER 

SIGHT TUBE 

MOTORIZED PLUG VALVE 

SLAG LOCK 

MOTORIZED PLUG VALVE 


- Cross section of modified GFETC slagging gasifier. 
Operation planned for early 1979. 








must be reduced prior to entering the spray washer. The precooler will also 
selectively remove tars and heavier components in the product gas when the 
lower moisture coals are used. 


3. STRATEGIC APPROACH FOR ENVIRONMENTAL ASSESSMENT 

The selective approach of the GFETC project is that the primary contri- 
bution which data from this oxygen-blown gasifier can make is to the direct 
application of SFBG technology in SNG plants. The information is expected to 
be used by future designers and operators, as well as state and federal 
agencies which are charged with licensing and regulating these plants. Data 
on specific coals will be made available to the public on gas contaminants, 
and process-produced tar, oil, and waste water. Since the principal unre- 
solved and controversial problems attending operation of SNG plants are 
concerned with the treatment, use, and disposal of tar, oil, and waste water, 
studies will be performed to establish treatment techniques consistent with 
total reuse of water and zero discharge of liquids. 


The gas liquors from the SFBG process are produced from the moisture in 
the raw coal and any process steam not reacted, the tar and oil originating 
from carbonization of the coal, plus a variety of organics and inorganics 
which are dissolved in the aqueous condensate. The process streams that 
result from treatment of gasifier effluents are device-specific -- that is, 
they depend on the particular hardware that is used. The treatment opera- 
tions have, therefore, been designed to provide enough flexibility to ensure 
scaleable data, even in cases where specific hardware used may not be the type 
selected for future commercial application. 

The treatment steps for the aqueous phase currently planned involve: 1) 
ammonia stripping, 2) phenol extraction, and 3) biological treatment. In 
addition, it is planned to study the suitability of waste water from various 
stages of treatment in a simulated cooling tower, the degree of oxidation or 
evaporation of residual organics, and the fouling of heat transfer surfaces. 
Studies relating to the tar-oil fraction include characterization and suita- 
bility for potential utilization schemes. 


The product gas is extensively characterized and analyzed. Studies of 
gas treatment are underway elsewhere which address points of particular con- 
cern (e.g., studies on methanation at the Synthane Plant and at IGT) , and 
the commercial technology is judged satisfactory with minimum refinement. 
For these reasons gas treatment is not being studied. 


Solids produced in a commercial slagging gasification plant would include 
slag and a variety of sludges produced in water treatments. Slag from the 
pilot plant will be characterized in respect to analysis and Teachability. 
Sludges, as they are produced in various pilot plant phases of the treatment 
studies, will be evaluated for potential disposal or utilization. 


4. SAMPLING AND ANALYTICAL METHODS FOR GASEOUS AND LIQUID EFFLUENTS 


A major effort has been directed to developing and enlarging the capa- 
bilities for characterization of the gaseous and liquid effluents produced. 

In general, established techniques are verified and progressively modified to 
the process-specific conditions which exist. 

Samples of offtake gas are collected regularly and routinely during 
operation and analyzed by gas chromatograph with a thermal conductivity 
detector. The instrument is calibrated with standard gases for: hydrogen, 
nitrogen, oxygen, carbon monoxide, carbon dioxide, hydrogen sulfide, ethene, 
ethane, propene, propane, iso-butane, and normal -butane. Approximately 20 
additional hydrocarbons are indicated by GC analysis with a flame ionization 
detector. These components are being identified, and their determination 
will become routine. Sulfur gases, hydrogen sulfide, carbonyl sulfide, 
carbon disulfide, sulfur dioxide, and thiophenes, etc. are analyzed by sepa- 
rate GC with flame photometric detector. Methods are being developed for 
routine determination analysis of hydrogen cyanide, thiocyanate, and amnonia. 

The major effluent stream of interest is the condensible fraction of the 
product gas -- the water and organics removed from the product gas stream in 
the gas quenching system. Obtaining representative and reliable scaleable 
samples has been a principal concern in present studies. Three different 
sampling methods are used. Method 1 consists of sampling the total quantity 
of liquids accumulated in the spray washer during each test. Degradation of 
certain chemical constituents due to system residence time, dilution effects 
due to the startup water in the spray washer, the effects due to high 
recycle rate of aqueous fraction, and the inability to collect samples 
representative of selected time periods are all problems of this method. 
Method 2 utilizes sampling systems which take a slip stream of the product 
gas at the gasifier offtake and pass it through a series of cyclones, con- 
densors, and filters to remove the condensibles and particulates from a 
measured quantity of gas. Continued refinements have been made to solve the 
problems of sampling a dirty, high-pressure gas stream and to overcome 
inherent deficiencies associated with Method 1. The specific objective is to 
provide the capability to collect a reproducible, scaleable representative 
sample during selected short-time periods of operation. 

Method 3 is a different approach to characterizing the production rate 
of the condensible effluents. It utilizes a gas chromatograph for on-line 
analyses. The technique being developed performs a simulated distillation of 
the coal tars produced with the product gas at intervals of 5 minutes. 
Identification of compounds by groups is being studied and appears to be 
feasible. This system is demonstrably capable of establishing rapid and 
short-term variations in tar-oil production rate, and possibly defining 
composition changes during short-term process upsets. 


addition, organic compound identification by high-pressure liquid chromato- 
graphy, pyrolysis GC/IR, NMR, and UV/Vis spectrophotometry is in progress 
and will greatly enhance the characterization efforts. 

The aqueous phase of gas liquors normally contains ammonia, phenols, 
and acid gases. Ammonia and phenol are present at concentrations as high as 
several thousand mg/1. Routinely, the pH, alkalinity, phenol, o and m-p- 
cresol , ammonia, cyanide, sulfide and total sulfur, total organic carbon, and 
inorganic carbon content of aqueous phase is determined. Analytical develop- 
ment efforts are currently directed to the determination of trace organics 
present in the aqueous liquor fractions and as these techniques are estab- 
lished, will be added to the routine analytical base. 

Determination of major, minor, and trace elements in effluents in order 
to establish material and elemental distribution in coal gasification is 
planned. Data will be reported for selected trace elements, including the 
following: antimony, arsenic, barium, beryllium, boron, cadmium, chromium, 
cobalt, copper, gallium, germanium, lead, lithium, manganese, mercury, moly- 
bdenum, nickel, phosphorous, selenium, strontium, tellurium, tin, uranium, 
vanadium, zinc, and zirconium. Facilities of the Center include an ICAP 
analyzer for trace element determinations. At present, verification of 
procedures for sample preparation and processing are in progress and first 
efforts on selected samples have been initiated. 


5. RESULTS TO DATE ON CHARACTERIZATION OF GASEOUS AND LIQUID 
EFFLUENTS AND RELATIONSHIP TO OPERATING VARIABLES 

Since May 1976, and until September 27 of this year, a total of 66 tests 
were scheduled with the Grand Forks pilot plant. Feedstock included three 
lignites and two subbituminous coals ranging in moisture content from 20 to 
40 pet. Sustained operation was not achieved in the limited tests on subbi- 
tuminous coals due to slagging problems or on one lignite of 40 pet moisture 
content due to the high moisture content. Samples and data in regard to 
effluent characterization were collected in 30 of the tests, principally 
on lignite from two mines, Indian Head (Mercer County, Central North Dakota) 
and Noonan (Burke County, Northwest North Dakota). Pressure was varied from 
100 to 400 psi in 100-pound increments, and oxygen flow from 4000 to 6000 
scfh, with corresponding steam inputs from 0.9 to 1.1 molar ratio of oxygen 
to steam. 

Progressively, sampling techniques have been modified and refined, and 
efforts were directed to establishing test reproducibility, operational sta- 
bility, and variability, particularly during upsets caused by coal charging. 
Samples from a variety of sampling locations and utilizing different tech-_ 
mques were systematically collected for comparison. Concurrently, analytical 
methods and techniques have been and continue to be progressively verfied and 
modified as required. 


utilized x.o proauce quantity samples ot aqueous liquor for biological treat- 
ment studies now underway at two facilities, and extensive effort was made 
to establish progressive changes in effluent characteristics as a function of 
operating time. Special effort was also made to determine change which 
occurred in effluent characteristics during the periodic upsets caused by 
coal charging and interruption of coal feed. These factors will be much less 
important in the modified gasifier when test periods of longer duration are 
possible, and the periodic upset during charging the single lock hopper will 
no longer occur. However, these data are required in establishing and 
assessing the validity of data collected in the program to date. 

Since termination of operations at the end of September, efforts have 
been directed to compiling and evaluating the data. Typical fuel analyses 
for test lignites are given in Table 1. Moisture content of Noonan lignite 
"as tested" is not representative of the "as received" condition of 36 pet 
due to moisture loss which occurred in extended open storage, size prepara- 
tion, and handling over the duration of the test operation. Data given in 
Table 2 illustrate the composition of gas produced. Both iso-butane and 
n-butane are now determined and found to be at the 0.01 to 0.02 pet range for 
gas produced from Indian Head lignite. Operating results at pressures 
ranging from 100 to 400 psig are given in Table 3. Effluent production of 
selected components in gas liquor as a function of operating pressure is 
given in Table 4. Effluent production and characteristics at identical 
operating conditions are compared for two lignites in Table 5. It is 
expected that when operations are resumed in the modified gasifier, tests 
will be conducted on test lots of the same lignites to compare results 
obtained with double lock feeding to those obtained with single lock oper- 
ation. 

A variety of publications and presentations have been prepared at the 
GFETC describing general and selected phases of the studies. These are 
listed as a source of additional information at the end of this paper. 


6. PLANS FOR SEPARATION AND TREATMENT OF LIQUID EFFLUENTS 

In the past, gas liquor that accumulated in the spray washer was periodi- 
cally sampled and discharged to an external tank at atmospheric pressure. On 
completion of a run, all remaining liquor was drained to this tank. Tar, 
oil, and aqueous phases were decanted and drawn off separately, sampled, and 
analyzed. The composite end-of-run sample contained the liquor produced 
during the run and the startup city water required for initial operation. 

The composite gas liquors contain an aqueous phase, a floating oil 
phase, possibly a sinking tar phase, and solid particles of dust, ash, and 
ungasified coal. Two improvements of the sampling and gas liquor collection 
system are being planned. The first involves continuous drawoff from the 
spray washer of two or three different phases — floating oils, heavy (sink) 
tars, and the principal aqueous phase. Secondly, a precooler will be in- 
stalled between the gasifier and the spray washer with limited injection of 


Proximate, pet: 


Moisture 37.6 

Volatile matter 25.7 

Fixed carbon 30.5 

Ash 6.2 


30.3 
28.2 

35.4 
6.1 


Ultimate, pet: 


Hydrogen 6.9 6.4 

Carbon 40.9 45.9 

Nitrogen .5 .7 

Oxygen 44.7 40.6 

Sulfur .8 .3 

Ash 6.2 6.1 


Heating value, Btu/lb 6780 7670 

Ash Fusion Temp. , °F: 

• Initial deformation 2030 2070 

Softening 2080 2100 

Fluid 2130 2130 


TABLE 2. - Typical product-gas analyses 

Coal 

Noonan 

Indian Head 

Run Number 

RA-31 

RA-40 

Gas Analysis, pet, N 2 free: 



CO 

57.3 

53.6 

JJ2 

30.5 

32.5 

CO 2 

6.4 

8.4 

CHi 

5.1 

4.9 

C 2 H 4 

.2 

.2 

C 2 H 6 

.3 

.3 

C 3 H 6 

.09 

.06 

C 3 H 8 

.09 

.04 

h 2 s 

.1 

.2 

COS 

<•01 

.01 

Heating value, Btu/cu ft 

340 

333 



J' 0 ? 1 Indian Head 

Moisture in Coal, pet 22.9 36.4 35.7 38.6 

Test Conditions: 


Oxygen rate, std.cu.ft./hr. .. 

Oxygen/ st earn molar ratio 

Calculating period, hr 

4,000 

1.0 

7.15 

4,000 

1.0 

6.08 

4,000 

1.0 

11.92 

4,000 

1.0 

8.68 

Fuel Rate (as-charged), lb. /hr. . 

1,049 

1,233 

1,259 

1,296 

Fuel Rate (maf), lb. /hr 

729 

703 

730 

728 

Product Gas Rate, 

std.cu.ft./hr 

20,108 

20,759 

21,994 

21,039 

Slag Rate, lb. /hr • 

72 

55 

67 

50 

Oxygen Consumption: 

cu. ft ./ 1000 cu.ft. gas 

198.9 

192.7 

181.9 

190.1 

cu.ft./1000 cu.ft. CO + H 2 .... 

224.0 

218.7 

212.3 

230.3 

cu.ft. /I b. maf fuel 

5.49 

5.69 

5.48 

5.49 

Steam Consumption: 

lb ./ 1000 cu.ft, gas 

9.45 

9.15 

8.64 

9.03 

lb./lOOO cu.ft. CO + h 2 

10.64 

10.39 

10.08 

10.94 

lb. /lb. maf fuel 

.26 

.27 

.26 

.26 

Production, cu.ft. /lb. maf fuel : 

Gas 

27.58 

29.52 

30.11 

28.89 

CO + h 2 

24.50 

26.01 

25.80 

23.85 

Product Gas Composition: 

C0 2 

5.0 

6.6 

8.4 

10.5 

Ill uminants 

.6 

.3 

.3 

.2 

H 2 

29.2 

31.3 

31.5 

28.5 

CO 

59.7 

57.0 

54.2 

54.4 

C 2 H 6 

.2 

.3 

,3 

.3 


CH 4 



4.3 


4.5 


5.3 


6.1 


Run Number RA-18 RA-36 RA-33 RA-38 

Pressure, Ib/sq in 100 125 200 400 


lb/ ton MAF Coal: 


Tar 92 83 73 66 

Water 1 ,044 1 ,404 1 ,408 1 ,378 

Ammonia 7.8 9.1 9.6 12.7 

TOC 10.0 11.4 12.3 12.9 


water to condense tar, but without condensing the aqueous fraction. This 
precooler will be particularly important in operating on low-moisture (bitu- 
minous) coals where the offgas from the top of the gasifier may reach 900° F 
rather than the 320° F associated with lignite of 30 pet moisture. 

The individual phases of the gas liquor must be separated for subsequent 
treatment. The aqueous phase of gas liquor, with tar and oil essentially 
removed, contains some suspended matter of colloidal tar/oil, dust, ash, and 
unburned coal. Ammonia and phenol can be removed by biological action, but 
past experience has shown that equipment size to provide required time 
generally precludes biological treatment of these substances at high concen- 
trations. Both ammonia and phenol have market value, and proven commercial 
processes can successfully recover these from the gas liquor. Studies 
relating to development of improved techniques for their removal, therefore, 
have been given a low priority. Sour gas stripping and phenol extraction are 
being considered, however, as a means of producing representative waste water 
for biological treatment studies, both before and after phenol and ammonia 
removal. Although most investigations have been on aerobic digestion, 
anaerobic biological treatment offers some advantages and will also be 
considered. 

Various physical /chemical processes, such as chemical and polymer 
coagulation and precipitation, multi -media filtration, activated carbon 
adsorption, ultra filtration, reverse osmosis, etc., are also candidate 
treatments to upgrade water qualities from gas liquor. Bench-scale experi- 
ments will be performed on selected methods to ascertain their applicability 
to the SFBG liquors, both as a primary treatment or as a polishing technique. 

The major use of treated water at proposed gasification plants is in 
cooling towers. From an economic standpoint, the less treatment gas liquor 
requires prior to use in a cooling tower, the better. In any case, removal 
of tar, oil, and the major portion of the phenol and ammonia would be 
required priorto use of liquor in a cooling tower. A small pilot-scale 
cooling tower is being considered to operate on gas liquors as produced in 



Run Number. . . . 

Coal 

Moisture in Coal, pet 

Operating Pressure, lb./sq.in. 


RA-31 

Noonan 

30.3 

200 


RA-40 

Indian Head 
34.7 
200 


Production, lb. /ton maf: 


Iar 90 70.2 

Water 1,140 1,220 

Amnonia 12.6 11,0 

Total organic carbon 13.3 12.3 


Concentration of Selected Constituents 


in Aqueous Phase: 

P H 9.3 9.5 

Alkalinity, ppm CaC 03 30,020 25,410 

Ammonia, ppm 10,220 8,440 

TOC, ppm 10,000 9,460 

Phenol, ppm 5,689 4,260 

■ o-cresol , ppm 1,000 836 

m-p cresol, ppm 3,317 1,671 


Concentration of Selected Components 
in Tar Phase, pet: 


Phenols 

Naphthol s 

Dihydroxybenzenes 

Naphthal enes 

Aromatic hydrocarbons with 3 to 

5 rings 

Saturated hydrocarbons 

Non volatiles at 300° C and 0.1 torr. . 

Average mol. wt. of volatile 

compounds 


18.2 

15.4 

3.9 

5.6 

1.4 

0.0 

9.3 

9.0 

8.5 

8.2 

10.2 

22.0 

2.4 

3.6 

152.2 

156.9 


7. SOLID AND SLUDGE EFFLUENTS 


In a commercial coal gasification plant the slag, or ash produced, is a 
formidable quantity of material. For example, a 25,000 ton/day lignite 
facility may produce 2,000 tons/day of slag/ash which must be disposed of. 
Except for possible use as an aggregate or as a fill for leveling purposes, 
the probable disposal method for the slag is in a landfill, and most likely 
it will be returned to the mines from which the coal came. Slag produced in 
SFBG is believed to be not Teachable, but if process water is used for 
quenching, it may contain leachable components. As leaching to groundwater 
is not permitted by regulatory authorities, either an extensive sealing 
operation will be required or the slag, as produced, must be shown to be 
essentially non-leaching. 

The disposal of residual dissolved and suspended inorganic and organic 
solids from the various waste water processing and treatment streams must also 
be managed to prevent contamination of surface or groundwater or the atmos- 
phere. It has been suggested that sludges produced may be valuable as soil 
conditioners and low-grade fertilizers in mine spoil bank revegetation 
programs. 

Blowdown from a cooling tower will be high in dissolved (and possibly 
suspended) solids which must be disposed of. Some materials in the blowdown 
may be inherently toxic, as are cadmium and mercury, or they may be merely 
aesthetically unpleasant, as is iron. Other elements, such as sodium, cal- 
cium, and magnesium, may contribute undesirable qualities for use in irriga- 
tion, domestic, or industrial water uses. Evaporation of cooling tower blow- 
down will probably be necessary, either in an evaporation pond or by direct 
means using waste heat. 

The characterization of these solids and wastes will continue at GFETC. 
Expansion of SFBG studies will utilize, to a large extent, established and 
on-going programs to characterize the leachability of such wastes and to 
develop other necessary information. 


8. CONTRIBUTION TO ASSESSMENT OF BIOMEDICAL EFFECTS 

The gasification of coal produces some materials which have been shown 
to have toxic and mutagenic effects. Inevitably, small amounts are released 
to the atmosphere or are brought into contact with workers in a gasification 
plant. The Grand Forks slagging gasifier pilot plant is a reasonable model 
for worker exposure, and it provides data that, with proper interpretation, 
permit environmental emissions to be estimated. The biomedical concerns 
have generated a large scientific effort. Using a variety of procedures, 
skin tests, inhalation tests, and gross toxicology, by ingestion and tissue 
analysis with appropriate test animals, and bacterial mutagenicity, the 


in addition, health records will be maintained on workers engaged in coal 
processing activities at the Grand Forks Energy Technology Center to assist 
in determining any possible long-term effects relating to occupational 
exposures. 


9. CONCLUSION 

The SFBG at GFETC provides the opportunity to assess the environmental 
effects of fixed-bed coal gasification. Utilizing manageable test lots of 
coal, representative effluents will be generated for verification of treat- 
ment and control processes or development of improved techniques. The 
capabilities and potential of the modified pilot plant will expand the oper- 
ational and environmental data base available for commercial development of a 
viable SNG industry in the U.S. 
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OVERVIEW OF THE SYNTHANE PILOT PLANT ENVIRONMENTAL ASSURANCE PROGRAM 


By 

R.P. Ladesic, R.L. Scott and W.C. Peters 
Pittsburgh Energy Technology Center 
Environment & Conservation Division 

ABSTRACT 


An historical account of the development and current studies of 
environmental monitoring and compliance at the SYNTHANE pilot plant will be 
presented. This account will include the experiences and problems in 
establishing monitoring programs in the following areas: 

Noise : 

Background 
In Plant 


Solid Waste: 

Characterization 

Disposal 


In February and March 1975 the first ambient air background studies were 
undertaken at the SYNTHANE pilot plant. Subsequent to these initial studies an 
environmental monitoring and compliance program was developed incorporating the 
areas noted above. The cost of this program to date plus facilities and 
equipment amount to approximately three (3) million dollars. The experience 
provided in interfacing with the technology development and developing the 
environmental monitoring and compliance program can be of value to all who are 
involved in small scale and large scale development. 


Air: 

Ambient Monitoring 
Stack Testing 
Fugitive Emissions 

Water: 

Surface Water Control 
NPDES* Sampling 
Continuous Water Monitoring 
Occupation Health: 

Problem and Direction 


*National Pollutant Discharge and Elimination System. 


The Environment & Conservation Division of the Pittsburgh Energy Technology 
Center, Department of Energy, was formed on July 1, 1975. The charter under 
which this division operates in the environmental area focuses on the assess- 
ment of pollution potential from coal conversion processes and the evaluation 
of alternative techniques for reducing the environmental impacts of these 
technologies. This paper presents an overview of the comprehensive monitoring 
and assessment of the SYNTHANE pilot plant. 

As of December 1, 1978, US DOE Headquarters terminated operations at the 
SYNTHANE pilot plant. Subsequently the majority of the programs discussed in 
this report have been or will shortly be discontinued. This report will 
attempt to highlight important considerations in designing and implementing an 
environmental monitoring program for other pilot plant operations. 

The major assessment efforts can be appropriately divided into five areas 
in which most environmental legislation is also categorized — air, water, noise, 
solid waste and occupational health. 

Process Description 


The 72 T/D SYNTHANE Coal Gasification pilot plant converts coal to high BTU 
synthetic pipeline gas.’ Basically there are five major steps in the process: 
(1) pretreatment, (2) gasification, (3) shift conversion, (4) purification, and 
(5) methanation. 

Pretreatment : The coal is crushed to -20 mesh, dried with hot flue gas 
generated from the combustion of No. 2 fuel *oil, then pressurized in lock 
hoppers with C02* It is then pretreated at operating pressure with a steam- 
oxygen mixture. This mild oxidation destroys the caking properties of the 
eastern coals so that they do not agglomerate in the gasifier. 

Gasification : In the free fall coal feed mode of operation the coal overflows 
the pretreater into the gasifier, about 20 feet above the normal bed level. 

The coal falls through the hot gases rising from the fluidized bed and is 
partially devolatilized. When utilizing the deep bed injection mode the coal 
is fed below the top of the fluidized bed. In either mode steam and oxygen 
enter the gasifier just below the fluidizing gas distributor. The gasification 
reaction occurs in the fluidized bed. Char containing ash and unreacted carbon 
is transferred to a separate bed in the lower part of the gasifier vessel where 
it is cooled before being discharged to lock hoppers. 


* N 


dioxide, and impurities, is passed through a venturi scrubber and a scrubber 
tower to remove carry-over ash, char, and tars. 

*Shift Conversion and Purification : The concentration of hydrogen and carbon 
monoxide in the gas is then adjusted to a three-to-one ratio in the shift con- 
verter by the reaction of CO with steam to produce H 2 +CO 2 . The acid gases are 
absorbed in a hot-potassium-carbonate tower (Benfield process); carbon dioxide 
is reduced to below 2% and sulfur is reduced to 40 parts per million. (Re- 
generation of the potassium-carbonate solution produces a gas rich in hydrogen 
sulfide which is converted to elemental sulfur by the Stretford process) . The 
remaining traces of sulfur in the product gas are removed by passing the gas 
through activated charcoal. 

* Methanat ion : Two systems for methanation of product gas were planned for 
testing — hot gas recycle (HGR) and tube wall reactor (TWR). 

I . Ambient Air Monitoring 


A. Background Study 

The ambient air monitoring program for the SYNTHANE pilot plant began with 
an initial background study of the air basin in which the plant was sited. 

This initial phase was performed in February and March 1976 and served to pro- 
vide a background data base with which to compare ongoing monitoring data as 
the pilot plant began operation. The background study consisted of the 
following data collection activities. The results of these data comparisons 
are available through the EC Division. 

Four Hi Vol samplers were operated for a 24- hour period every six days. 

The locations are shown in Figure 1. The Hi Vol filters were weighed and 
analyzed for the following constituents: fine particulates, sulfates, nitrates, 
mercury, arsenic, nickel, lead, beryllium and cadmium. The prevailing 24-hour 
surface wind from Allegheny County Airport, located approximately 3.5 miles 
from the air monitoring network, was computed for each test along with other 
meteorological dispersion parameters. The data were then compared with all 
federal and state ambient air standards and analyzed to determine what the 
plant contribution was to the monitors. 


*The Shift Conversion and Methanation process steps were not operated 
throughout the life of' the SYNTHANE pilot plant. 


An eight-station sulfation plate network was operated utilizing 
fifteen— day exposure periods. The sulfation data was converted to PPM SO 2 by 
dividing the average sulfation rate of three plates located near the continuous 
SO 2 monitor at Site 1 into the average hourly SO 2 concentration for the 
fifteen-day period. This number was then converted to ug/m 3 S0 2 by multiplying 
it by 2620. The data were compared with annual ambient SO 2 standards and then 
analyzed to determine the plant contribution. 

A dustfall network was utilized consisting of eight site locations. The 
dust fall jars were collected once a month and analyzed for total dustfall, 
water soluble particles and water particles. The results were compared with 
Pennsylvania State ambient standards. 

In addition to the stationary sites a mobile van sampled the air basin. See 
Appendix A, 

B . Six Month Air Quality Study 

The second phase of the air monitoring program conducted August 1976 to 
January 1977 consisted of a six month study to assess the pollutant contri- 
bution of the pilot plant operation to the ambient air. These monitoring data 
were compared to the background data base to evaluate any change in the air 
basin. The method of data collection and parameter measurement for the six- 
month study was essentially the same as for the background study. 

The pilot plant contributions to the Hi-Vol samplers were determined by 
plotting the prevailing 24-hour wind for each Hi-Vol unit on a map showing the 
location of each monitor and the SYNTHANE plant. A triangular area is drawn 
along the radial of the prevailing wind from the plant. The width of the 
triangle is a 15° arc on either side of the prevailing wind radial. (Note 
Figure 1.) 

Monitoring parameters included CO, 03 , NO x , S0 2 , Total Hydrocarbons ( THC) , 
H 2 Sj Coefficient of Haze (COH), wind speed and direction, dew point and tempera- 
ture. Under worst case assumptions, the concentrations at any monitoring site 
within this triangle measure the plant emissions. All other monitoring sites 
are considered to measure background. The difference between the average down- 
wind concentrations and the average upwind concentration is considered to be 
the plant contribution. This of course is a worst case assumption which 
assumes that no other source exists between the plant and the receptor site. 
Extra care should be taken in interpreting the data with this assumption in 
mind , 
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Figure I - Ambient air monitoring sites 
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The background and six-month study provided a data base to evaluate the 
pilot plant contribution to the ambient air under certain operating conditions, 
However, the nature of pilot plant operations are such that changing conditions 
were anticipated to change emission characteristics. Some parameters affecting 
effluent characteristics include types of coal (high and low sulfur content), 
temperatures, pressures and fuel feed characterist ics . 

To properly evaluate these changing conditions, a continuous monitoring 
network was determined to be most cost effective as well as efficient . Two 
ambient air monitoring trailers were subsequently sited and put into operation 
in early 1977. Records containing SYNTHANE pilot plant operations data were 
maintained to compare with the data generated from the monitoring trailers. 

The correlation of these two information sources provided a means of evaluating 
changing process conditions relative to the ambient air. 

The Hi-Vol samplers, dustfall jars and sulfation plates were retained from 
the background and six-month study as part of the continuous monitoring net- 
work. The only change in these data collection systems was analysis of the 
metals on the Hi-Vol filters. These were changed to provide a full survey for 
all metals potentially emitted from the pilot plant and to correlate them with 
the source testing. 

The site source of the trailers were determined using the meteorological 
data base of the background and six-month study. The prevailing wind was 
delineated and one trailer was located upwind and one downwind of the plant. 
Physical interferences such as buildings, trees and hills were taken into con- 
sideration, as well as accessibility. 

D . Stack Testing Program 

Coordinated with the ambient air monitoring program was a source testing 
program. The primary emission source on the SYNTHANE pilot plant site was the 
thermal oxidizer. At the initiation of the program, April 1977, all of process 
wastewater and gases generated by the plant were combusted in the thermal 
oidizer, The source sampling served to measure the concentration of various 
pollutants emitted from this point source. Attempts were then made to compare 
this information with ambient pollutant concentrations as determined by the air 
monitoring network. The source sampling program also served to demonstrate 
compliance to source emission standards. The parameters measured were as 
follows : 


Elemental Analysis 


Carbonyls 


Arsenic 

Beryllium 

Cadmium 

Fluorine 

Iron 

Lead 

Nickel 

Selenium 

Titanium 


Sampling and analytical procedures 
Fugitive Emissions 


Nickel carbonyl 
Iron carbonyl 

Other Effluent Contaminants 

SO 2 
NO x 

h 2 s 

Organics 

Particulates 

noted in Appendix B. 


The Fugitive Emissions Program was planned at the SYNTHANE pilot plant. An 
inventory had been performed in March, 1978 but no sampling had been undertaken 
due to the pilot plant operating schedule. Sources that were considered 
included: baghouse, char pond surface, oil water sump, decanter safety flare, 

high pressure valves, coal grinding vent system, slurry/filter feed tank, C0 2 
vent, wastewater receiver tank vent and open top holding tanks. The actual 
sampling was expected to begin during the early months of 1979. 

II . Water Monitoring 


The water monitoring program conducted at the SYNTHANE pilot plant consists 
of three phases — Surface Water Control, NPDES Sampling and Continuous Water 
Monitoring . 

Surface Water Control 


The surface water control program was designed to minimize contamination of 
site effluent from spills and non-point source discharges. It has become an 
integral part of the Spill Control and Countermeasure Plan (SPCC), as well as 
the water pollution control program. Pilot plant operations are characterized 
by frequent maintenance procedures. This results in unusually high potential 
for spills to occur and debris to accumulate in process areas. These charac- 
terics added to the inherent coal handling problems present a potentially 
significant surface water contamination problem. In an attempt to mitigate 


pollutant loading in the plant effluent, paving and trenching of the process 
area was undertaken. The concrete paving was sloped to a trench and covered 
with an iron grill. The trenching carries the surface runoff to two holding 
tanks (15,000 gal each). The original plan was to collect the surface runoff 
in the tanks and upon accumulation to analyze the water. If the analysis fell 
within a specified range the water could be discharged as a batch process. The 
original plan also provided that during extended periods of rain the initial 
runoff could be collected in the holding tanks. After the runoff has been 
washed clean, a valve would redirect the water runoff directly to the storm 
sewer. As experienced at the pilot plant the effective execution of a surface 
water control program requires good housekeeping, strict control procedures and 
close surveillance to minimize the amount of contaminated runoff. 

NPDES Sampling 


The Code of Federal Regulations, Title 40 , requires that owners or 
operators of a facility discharging via a point source must possess a National 
Pollutant Discharge and Elimination System (NPDES) permit. This NPDES permit 
includes effluent limitations to which the owner or operator must demonstrate 
compliance through a routine sampling and analysis program. 

The SYNTRANE pilot plant was issued a NPDES permit, effective July 28, 

1977, by the U.S. EPA. Recently the NPDES program has been reorganized whereby 
the administrative responsibilities are being assumed by the Commonwealth of 
Pennsylvania, Department of Environmental Resources. This change in adminis- 
trative responsibility from federal to state levels has already evolved in most 
other states. The reorganization is expected to change some permit parameters. 
The permit currently contains discharge limitations for five effluent points. 
These include a sewage treatment plant, cooling tower blowdown, demineralizer, 
boiler blowdown (high and low pressure). These five discharge points have been 
determined to include all discharge contributions to the receiving stream. The 
justification for this decision was delineated in a December 4, 1975 memorandum 
to U.S. EPA. The EPA regional office agreed that the PETC proposed sampling 
sites were more feasible and representative than the single sampling point 
originally proposed by EPA, 


Continuous Water Monitoring 


The initial siting of the SYNTHANE pilot plant included the excavation of 
the valley in which the plant is situated which resulted in the diversion of 
the natural drainage through a 48 M interceptor line, Figure 2 . The pilot plant 
was then constructed over this interceptor along with a 15" storm drain and a 
12 M perforated drain. The five pilot plant discharge points (previously out- 
lined in NPDES Section) contribute to these three underground drains and are 
subsequently mixed to form a single effluent stream in a 10 1 x 10 * x 10 ' 
concrete box that is located (underground) at the eastern boundary of the pilot 
plant . 

The approach taken to characterize the pilot plant contributions to the 
receiving stream includes five continuous water monitors, one at the plant 
inflow at the 48" line, one at the discharge end, one each at the 12" and 15" 
lines and one to measure the combined flow of the 10 ' x 10 ! x 10 ' concrete box. 
Flow measurements have been attempted at both inflow and outflow. At this time 
the "other sources" (storm drainage and road runoff problems) that have con- 
tributed to the total plant runoff are being separated out by a rerouting of 
surface water drainage lines. This source contribution has complicated 
sampling by blocking lines and interfering with flow measurements . Upon 
completion of this rerouting of storm drainage and road runoff the original 
continuous sampling schedule was to be resumed. 

At the present time the continuous monitoring network consists of one 
24-hour continuous sampler and flow meter at the plant inflow and three con- 
tinuous samplers plus a flowmeter at the outfall. The samples are visually 
inspected and general pollutant analyses are performed if determined necessary. 
The analysis could be performed by the on site Lummus Lab or through a local 
university contract. 

Parameters measured in the water monitoring program for most sampling 
points include: biological oxygen demand (BOD-5), fecal coliform, con- 
ductivity, oil and grease, phenol, pH, NH 3 , suspended solids, total dissolved 
solids (TDS), chemical oxygen demand (COD) and iron. 

Ill . Noise 

'The noise monitoring program at the SYNTHANE pilot plant consisted of two 
phases: an ambient noise assessment and an inplant noise assessment. 




Ambient Noise Assessment 


A background noise assessment was conducted for the SYNTHANE pilot plant 
during September-October 1977. The concern in this program phase was strictly 
in regard to the noise emission from the plant rather than with respect to any 
of its operating characteristics. The principal noise producers in the plant 
were divided into the following categories: 

Mechanical: grinders, pulverizers, gears, conveyors. 

Flow Devices: fans, blowers, compressors, valves. 

Combustion: furnaces, flares, heaters. 

Electromechanical: generators, motors, transformers, circuit breakers. 

Augmenting the operating noises were noises produced by maintenance 
operations and those resulting from truck movement. 

A two-step approach was utilized in acquiring the needed data. The first 
step was field recording of the noise and the second was laboratory analysis of 
the recorded data. 

The field recording system consisted of a sound level meter, a battery 
powered tape recorder, and an acoustic signal generator for providing the 
necessary reference signal. A windscreen was used over the input microphone to 
eliminate wind generated noise. Recordings were not made whenever the wind 
speed exceeded 15 miles per hour. The frequency response of the sound level 
meter was set in the A-weighting mode, as this practice will tend to reduce 
chances of either overloading the sound level meter or saturating the magnetic 
tape. The sound level meter also served as a calibrated attenuator for the 
tape recorder. On playback, the signal from the tape recording was fed through 
a calibrated attenuator into a level recorder. The signal coming out of the 
level recorder was then sorted by a distribution analyzer into various level 
intervals. A 5 dB interval was chosen for this study. 

The tape recorder had a dynamic range of about 45 decibels. By appropri- 
ately adjusting the input level at the start of a recording session, 
overloading was never observed. The period of measurement spanned the better 
parts of September and October. The data were tabulated to enable any future 
correlation of the noise data with the plant operation log and other pertinent 
environmental data. 


The data revealed that noise emission from the plant has a significant 
impact upon an area as far as about a mile to the east of the plant. It was 
also determined that a flare stack located atop the thermal oxidizer was a 
significant contributor of noise emissions. The flare subsequently was 
modified to reduce the venturi effect and the noise level was reduced to an 
acceptable level. This noise monitoring program has made it apparent that much 
lower noise levels are required in rural areas where ambient levels are 
generally low. The variability of noise level tolerances due to background 
levels should be an important consideration in siting plant operations. 

In-Plant Noise Assessment 

The in-plant phase of the noise monitoring program was planned and awaited 
resumption of the pilot plant operations. The initial monitoring and data 
collection was expected to begin in Fiscal Year 79. Equipment which was to be 
used in this study included: precision sound level meter with octave band 
analyzer; tape recorder, real time noise analyzer; and strip chart recorder. 
The in-plant noise assessment was to concentrate on the areas categorized in 
the ambient noise assessment section of this paper. 

Occupational Health Program 


Many of the occupational health programs for coal conversion processes 
have been based on the literature documenting hazards of coke oven emissions. 
Coke oven emissions and coal conversion emissions are considered by some 
experts to be similar in various categories. It is generally viewed by these 
health scientists that it would be prudent to develop model occupational health 
programs similar to those used in coke oven hygiene programs until a knowledge 
of the specific hazards can be discerned. The investigations to determine the 
specific worker health hazards of the SYNTHANE process have been underway. 
Included in these investigations were industrial hygiene type monitoring and 
biological laboratory testings. Until specific hazards and problem areas were 
known, protective clothing was worn by workmen who were exposed to potentially 
hazardous waste products and emissions. 


operations were also considered tor use or proposed in the SYNTHANE program. 

The SYNTHANE pilot plant program was assessed in preparation of "Recom- 
mended Health and Safety Guidelines for Coal Gasification Pilot Plants", pre- 
pared by Enviro-Control for NIOSH. 

Solid Waste Program 


The recent passage of the Toxic Substance Control Act (TSCA) and the 
Resource Conservation and Recovery Act (RCRA) has made it increasingly evident 
that more attention must be made to acceptable disposal and handling of solid 
wastes. The solid wastes program at the SYNTHANE pilot plant has accelerated 
in recent months. This acceleration included a project conducted by the EC 
Division, evaluates solid waste products for toxicity, teachability, muta- 
genicity and carcinogenicity. This is being conducted through carefully con- 
trolled laboratory studies. Leachate studies have been completed on specific 
waste products in the past. These studies indicated that char pond solids have 
the potential to create a leachate problem and require special handling. 

Studies have been conducted on the dewatered char from the SYNTHANE process. 
This char has been determined to cause no leachate problem and may be disposed 
of in conventional landfill operations. Data from biological testing con- 
cerning the mutagenicity of coal tar products from the SYNTHANE pilot plant 
process are expected shortly. These data will define parameters for more 
advanced toxicity testing to provide for environmentally sound disposal 
practices. 

SUMMARY 


The U.S. Department of Energy (DOE), as part of our country's overall 
efforts to address and resolve energy issues, has engaged in a broad range of 
R&D activities. A major emphasis of these efforts has been focused on the 
utilization of coal as an energy source. Coal conversion technology is 
currently developing in several specific areas. The objective of this paper 
has been to discuss the environmental activities related to one specific coal 
conversion process referred to as the SYNTHANE Coal Gasification Process. 


demonstration units. Consideration of problem areas identified at SYNTHANE 
will be useful as a preventive tool to be utilized in the design and imple- 
mentation of these similar programs 

Some highlighted considerations in conducting environmental assurance 
programs as identified through the SYNTHANE environmental efforts appear in 
Appendix C. 

DOE has assumed the major responsibility for environmental health aspects 
of its technologies. This includes the evaluation and assessment of the 
environmental impact of each developing technology, such as SYNTHANE. The 
overall practicability and commercialization of these energy technologies 
depend heavily on their ability to comply with existing and future environ- 
mental/health regulations. It seems prudent to assess and develop simul- 
taneously the environmental control technologies and process technology. The 
early incorporation of environmental concerns will serve to minimize the 
ultimate environmental impact and perhaps reduce or eliminate the expense of 
retrofitting control devices on the final process. 
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Sampling methods utilized in the mobile van data collection activity: 

1. SO 2 “ one hour impinger samples at 840 cc/min. using West-Gaake 
Absorbing Reagent. Analysis was by colorimetry using pararose- 
aniline-formalhyde-Method B. 

REF . Method 42401-01-69T - Intersociety Committee Methods of 
Air Sampling and Analysis. 

2. H 2 S - one hour impinger samples at 1.30 1/min. using cadmium hydroxide 
slurry as absorbing reagent. Analysis was by colorimetry of methylene 
blue produced by the reaction of sulfide with reagents. 

REF. Method 42402-01- 7 0T - Intersociety Committee Methods of Air 
Sampling and Analysis. 

3. Phenol - one hour impinger samples at 1.85 1/min. using 5% sodium 
carbonate as absorbing reagent. Analysis was by colorimetry using 
4-aminoant ipyr ine reagent . 

REF. Standard Methods for Water and Waste Water Analysis , 13th. 
Edition. 

4. Coefficient of Haze - Particulate was sampled using the AISI Paper 
tape sampler. 

REF. ASTM P-1704-61 - Standard Method of Test for Particulate Matter 
in the Atmosphere. 


Sources except as follows: 

1. Due to the high temperatures present in the thermal oxidizer stack, 

a water-cooled sampling probe was used. The portion of the probe not 
exposed to the high temperatures was heated to prevent condensation. 

2. Due to difficulties encountered rigging the traditional probe/impinger 
box configuration, a heated teflon house was included to allow a 
flexible connection between the sampling probe and impinger box. 

The hose temperature was maintained at 250°F or greater to prevent 
condensation. Acetone washing from the hose was included with that 
of the probe. 

3. Sampling for fluoride emissions (Method 13A) was combined with the 
particulate sample. A stainless steel screen filter support was used 
rather than a fitted glass type. The glass support has been shown to 
retain fluoride (Amendments to Reference Methods 13A and 13B, Federal 
Register, Vol. 41, No. 230, Nov. 29, 1976, Title 40, Part 60). Test 
methods and procedures for 13A and 13B appear in the Federal Register, 
Vol. 40, No. 152, Aug. 6, 1975. 

4. The third impinger contained caustic, rather than being dry, to collect 
arsenic and to protect equipment from acid gases. 

Metals 


Arsenic, beryllium, cadmium, lead, and nickel contents of the particulate 
catch were determined by atomic absorption. Impingers 1, 2 were also ether- 
chloroform extracted to determine condensible organics. 

N0 V 


U.S. EPA Method 7 was utilized. The sampling train equaled that of Figure 
7-1 of the Method. 


S0 2 > HjS 

SO 2 by U.S. EPA Method 6 and H 2 S measurements were combined, according to 
the State of Texas procedure. The sampling train equaled that of the procedure 
except the glass fiber filter had to be omitted due to the high temperature. 
However, the catch was filtered using a glass fiber filter prior to analysis. 

A quartz sampling probe was substituted for the pyrex due to high temperatures. 

Since the State of Pennsylvania requires a different SO 2 analysis, the 
sampling and analytical procedures followed the APCD, County of Los Angeles, 
Method for Oxides of Sulfur, page 85, Source Testing Manual, 1965. The in- 
stack thimble had to be omitted due to the high temperature, but the catch was 
filtered using a glass fiber filter prior to analysis . 


Proper segregation of contaminated wastewater from other aqueous 
effluents . This will facilitate optimum sampling accessibility and repre- 
sentativeness and minimize the volume of wastewater requiring treatment. 

Precise documentation of operations schedules concerning air emissions. 
This documentation is necessary to correlate field ambient air monitoring with 
operations emissions to yield meaningful evaluations of various pollutant 
impacts from specific point sources. 

Appropriate considerations of community noise levels in conducting the 
site selection process. Siting in the vicinity of a residence with con- 
servative background noise levels has a much greater adverse impact than an 
area with higher community noise levels. 

The types of solid waste generated by the plant should be considered in 
the siting process. Certain types of waste require special disposal techniques 
and facilities. The proximity of the appropriate disposal facilities is 
important due to high transportation costs and stringent DOT and EPA 
regulations . 
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J. S. Halow, U. Grimm, J. S. Mai 


U.S. Department of Energy 
Morgantown Energy Technology Center 


A program was initiated late last year at the Morgantown Energy Tech- 
nology Center, Department of Energy to demonstrate a 90 percent sulfur reten- 
tion capability in the 18-inch atmospheric fluidized-bed combustion (AFBC) . 
This program was undertaken in response to concerns about the impact of possi- 
ble New Source Performance Standards (NSPS) proposed by the Environmental 
Protection Agency in sulfur emissions. A high volatile bituminous coal with 
4.42 percent of sulfur content was selected for this study. Greer limestone 
as well as tymochtee dolomite were used as bed material and sorbent. Combus- 
tion tests were carried out at various operating conditions to develop AFBC 
engineering and emissions data on this high sulfur coal. Ninety or greater 
percent of sulfur retention was attainable in several of the eighteen balance 
periods depending on operating conditions. The results of the present tests 
clearly demonstrate that the proposed new standards for sulfur dioxide emis- 
sions can be met by AFBC f s. The required operating conditions could, however, 
have serious impact on AFBC economics. 


GAS TURBINE CATALYTIC COMBUSTORS FOR COAL DERIVED FUELS 


Warren W. Bunker 
U. S. Department of Energy 
Energy Technology 


Catalytic combustion for gas turbines is a unique process which promises 
very low NO emission levels at high efficiencies and comparable pressure drops. 
The Department of Energy (DOE) is expanding the catalytic work of EPA and NASA 
into the area of coal-derived fuels, both gases and liquids. On-going programs 
for the combustion of low Btu gas, medium Btu gas, and heavy liquids are de- 
scribed. Future plans for possible field tests are discussed. 


U.S. Department of Energy 
Grand Forks Energy Technology Center 


The atmospheric f luidized-bed combustion of Western and Gulf Coast 
lignites and subbituminous coals offers a method of utilizing these low- 
sulfur, high-alkali coals with possibly little or no added sulfur sorbent. 
Tests using a 60inch atmospheric fluidized-bed combustor showed that eight 
of ten Western coals could be burned without addition of limestone and meet 
the standard of 1.2 lb S0-/MM Btu. The downward revision in the NSPS will 
change the design criteria for these low-rank coals, as well as high-sulfur 
bituminous coals, but the sulfur retention on ash will still make a sub- 
stantial contribution. 

For the low- rank coals tested, the calcium-to-sulfur ratio ranged 
from 1 to over 4, and the sulfur retention from nearly 0 to over 90 pet. 
Reinjection of primary cyclone fly ash increased sulfur capture slgni- 
ficiantly, but not sufficiently to Insure compliance of all low-rank coals 
under the NSPS standards. Bed temperature influenced sulfur retention in 
the range of 1250° to 1600°F, with maximum retention at 1400°F without ash 
reinjection and 1500°F with ash reinjection. During operation some of the 
coal ash agglomerated within the bed and was also deposited on the tube 
walls . 


Tests for characterizing gaseous and particulate emissions from the 
AFBC have been performed; preliminary results of these tests are presented 
in this paper. The physical and chemical characteristics of the fly ash 
produced in the AFBC with and without cyclone ash recycle are examined. 


CONTROL OF NITROGEN OXIDE EMISSIONS IN 
COAL-FIRED, OPEN-CYCLE MHD POWER PLANTS 


Joseph Epstein 


U. S. Department of Energy 


Energy Technology 


The c°r)1;roI °f rntrogen oxide (NOx) emissions from coal-fired power- 

whirh S m^If C Magnetohydrodynami c (MHD) systems is an issue 

Since JhfSoSp 11 a ES ea Hun 1n the ( : valuati o" of a new technology. 

60 s, the MHD community has given considerable attention 


Present information indicates that both current and future NOx standards 
can be met by the MHD. process even though no credit is provided for the 
significant increase in net plant efficiency over conventional power- 
plant systems. 

Presently available results from experiments as high as 8 MWt and 
from calculations based on experimentally derived kinetics data have 
served to empirically identify realistic NOx control techniques. The 
preferred system operation is to: (a) operate the coal combustor 
fuel rich, (b) cool the gas slowly in a radiant boiler downstream of 
the MHD channel/diffuser, (the radiant boiler is the key component in 
MHD NOx control), and (c) add additional air to the radiant-boiler 
exhaust, at a temperature high enough to complete combustion but, low 
enough to minimize the tendency to form additional NOx. These concepts 
are discussed in detail along with experimental and analytical results 
that have been obtained to verify that the method of control is tech- 
nically sound and practical. Current DOE-sponsored R&D efforts are 
aimed at optimizing the method and at formal demonstration in suitable 
facilities. 


CONTROL OF SULFUR DIOXIDE AND PARTICULATE EMISSION IN MHD 
POWER SYSTEMS USING HIGH SULFUR COAL 


K. E. Tempelmeyer , Terry Johnson, Paul Blackburn 
Argonne National Laboratory 


Jorara Hopenfeld 
U.S. Department of Energy 
Energy Technology 


W. Spurgeon 
Gilbert Associates 


MHD power generation systems offer an attractive opportunity to 
utilize high sulfur coal and yet reduce the emissions of sulfur oxides as 
well as the oxides of nitrogen and particulate matter. Interaction of 
sulfur compounds with the potassium seed material added to the coal or com- 
bustion products to make the MHD process work results in an attendant reduc- 
tion of S0 o emissions of 80 to 90 percent. The sulfur compounds released in 
the combustion of coal interact with potassium forming solid potassium sulfate 
The potassium must be recovered in an MHD system and reprocessed in order to 


tne interaction ui - . . , , , ~‘“* oc 

results are compared with available experimental information, which summarizes 
the effectiveness in which SO emissions are compared to present EPA standards, 
as well as anticipated emission standards for SO^ in the future. Finally, some 
comments are made as to the applicability of this control measure as a retrofit 
means to control S0„ emissions in existing utility boilers. 


FLUE GAS CLEANING FOR PRESSURIZED 
FLUIDIZED-BED COMBUSTORS 

Irvins Johnson et al. 

Argonne National Laboratory 

Studies underway at ANL to clean up the hot flue gas from a PFBC so 
that it will be suitable for gas turbine use will be reviewed. Granular 
limestone beds and high efficiency cyclones are under study for particulate 
removal. Acoustical preconditioning of the flue gas is being evaluated as a 
method to increase the particulate size in order to Increase the efficiency 
of cyclones. Two laser on-line particle size and concentration analyzers 
have been experimentally evaluated. The use of hot granular bed filters for 
the removal of gaseous alkali metal compounds is under study. Two sorbents, 
diatomaceous earth and activated bauxite, have been found to be highly 
effective for the removal of gaseous NaCl and KC3. from hot flue ga6. 


REDUCING THE ENVIRONMENTAL IMPACT OF 
SOLID WASTES FROM A FLUIDIZED-BED COMBUSTOR 

Irving Johnson, R. B. Snyder, W. M. Swift and A. A. Jonke 
Argonne National Laboratory 

The effectiveness of three options for the reduction of the environmen- 
tal impact of solid sorbents used to control the SO emission from fluidized- 
bed coal combustion systems will be compared# These options are: (1) pre- 
treatment of the sorbent (use of chemical additives such as NaCl or CaCl*) 
to increase its reactivity with SCL, (2) regeneration and reuse of the sor- 
bent, and (3) the use of synthetic sorbents. The quantity of waste generated 
decreases in the order (1) to (3); the cost increases in the order (1) to (3). 
The use of chemical additives and the regeneration and reuse of the limestone 
are viable options. The high cost of synthetic sorbents currently available 
rule out this option from further consideration. 


by 

J. S. Halow, U. Grimm, J. S. Mei 


U.S. Department of Energy 
Morgantown Energy Technology Center 
Morgantown, W V 26505 


ABSTRACT 


A program was initiated late last year at the Morgantown Energy Technology 
Center, Department of Energy to demonstrate a 90 percent sulfur retention 
capability of an atmospheric fluidized-bed combustor (AFBC) burning a high 
sulfur coal. This program was undertaken in response to concerns about the 
impact of possible New Source Performance Standards (NSPS) proposed by the 
Environmental Protection Agency on the application of AFBC technology. A 
high volatile bituminous coal with 4.42 percent sulfur content was selected 
for this study. Greer limestone as well as Tymochtee dolomite were used as 
sulfur sorbents. Combustion tests were carried out at various operating 
conditions to develop AFBC engineering and emissions data on this high sul- 
fur coal. Ninety or greater percent of sulfur retention was attained in 
nine of the nineteen balance periods. Eighty-five or greater percent sulfur 
retention was attained in fourteen of the nineteen balance periods. The 
results of the present tests clearly demonstrate that the proposed new stand- 
ards for sulfur dioxide emissions can be met by AFBC’s. 



Fluidized-bed combustion of coal is a process that has been under study 
since the early 1960 ’s in both England and the United States. This process 
offers a means of burning a variety of coals and other fuels in an environ- 
mentally acceptable manner. 

In a fluidized-bed combustor, coal is burned in a bed of inert ash and lime- 
stone or dolomite fluidized by the injection of air through the bottom of 
the bed at controlled rates. The limestone or dolomite in the bed reacts 
with the sulfur dioxide released by the combustion of the coal, and forms a 
solid sulfate. Heat is extracted by tubes immersed in the bed and above 
the bed. Advantages of the AFBC include: Early commercial availability, a 
projected competitive cost, controllable emissions of SO and NO , fuel 
flexibility, and a solid spent sorbent stream that can readily be disposed 
of along with the coal ash. 

At present, New Source Performance Standards (NSPS) limits sulfur dioxide 
(S0 2 ), nitrogen oxides (NO ), and particulate matter that can be emitted 
from a utility boiler Stacie. Suppression of S0 2 and NO in a fluidized-bed 
boiler is achieved in the combustion process. The combustion stability pro- 
vided by the fluidized bed and the balance of heat input and removal from 
the bed maintains combustion at temperatures below the ash fusion point, 
and low enough to permit the conversion of limestone and S0 2 to sulfate and 
to inhibit the formation of nitrogen oxides. To meet NSPS for particulates, 
conventional mechanical collector and dust removal precipitators or filters 
will likely be adequate. 

This paper discusses S0 2 capture in an AFBC when burning high sulfur coals. 
Experimental tests burning a high sulfur bituminous coal were conducted in 
the Morgantown Energy Tecnology Center’s 18-inch diameter combustor. This 
study was undertaken in response to concerns about the impacts of proposed 
New Source Performance Standards on AFBC technology. 


Variables Effecting Sulfur Capture 


Sulfur capture is dependent on a number of design and operating variables 
as well as the sorbent used. A primary variable which can be readily con- 
trolled is the calcium to sulfur mole ratio. Increasing the Ca/S mole ratio 
increases the amount of active sorbent in the bed, thereby increasing sulfur 
capture. Also of importance is the bed temperature since the S0 2 /sorbent 
reaction is temperature dependent. An optimum sulfur capture temperature 
of around 1550°F is common for many sorbents. In designing and operating 
AFBC’s, it is desirable to minimize Ca/S mole ratio since high sorbent usage 
significantly impacts AFBC economics through the cost of sorbent, parasitic 
heat losses through calcination, .and increased spent sorbent disposal costs. 


also increases gas residence time and, therefore, increases suiter capture. 
Sese variables along with the Ca/S mole ratio need to be balanced to achieve 
efficient Sulfur capture with an economically vrable design. Sorbent variet, 
also has a significant effect on sulfur capture. 

Reported pilot plant data (1,2,3) has shown sulfur retention results of 90 
percent or greater on a variety of fuels and sorbents. es results reported 
In this paper provide additional data. Also since the tests were performed 
to specifically meet high sulfur capture conditions, the current data allow 

correlation with operating variables. 


Characteristics of Fuel and Sorbents Used in Tes ts 

The coal used in this investigation was a bituminous-A , high volatile coal 
with a sulfur content of 4.42 percent. It's origin was the Pittswick Coal 
Company in National, W, approximately 5 miles south of Morgantown, WV . 
The company is mining a coal formation better known as the Swcckley seam. 
The chemical analysis of this coal is given in Table 1. 


Table 1 

Composition of Pittswick Coal 


Moisture % 

0.94 

Ash a n< 

i lysis % 

Ash % 

14.04 

SiO^ 

44.90 

Sulfur % Total 

4.42 

Al 2 6 a 

22.91 

Pyritic 

2.36 

Fe 2 0 a 

22.71 

Hydrogen °/ 0 

5.18 

CaO 

1.06 

Total Carbon % 

69.45 

MgO 

0.82 

Nitrogen %• 

1.15 

Na 2 0 

0.28 

Oxygen % 

4.85 

k 2 o 

2.08 



P 2 0 r , 

0.07 

Btu/lb 

12,700 

Ti0 2 

1 . 18 



S0 3 

1.00 


Table 2 

Screen Analysis of Coal 


Size Range 

1/4 x 0, l 

1/8 x 0 

l/4”-4 mesh 

8.1 

0.2 

4-8 mesh 

37.9 

8.8 

8-16 mesh 

21.9 

20.7 

16-30 mesh 

13.5 

25.5 

30-50 mesh 

6.9 

17.8 

50-100 mesh 

3.9 

12.1 

100-200 mesh 

3.0 

8.2 

200- 

4.8 

6.8 


The sorbents used in the test program were Greer limestone and Tymoehtee 
dolomite. Greer limestone is the predominant limestone in the area of West 
Virginia's high sulfur coals and its sorbtion characteristics can be classi- 
fied as good to very good. Tymoehtee dolomite was chosen because thermo- 
gravimetric analyzer (TGA) studies by the Argonne National Laboratory have 
classified this material as one of the best sorbents. It originated in 
Huntsville, Ohio, a dolomite formation approximately 50 miles northwest of 
Columbus, Ohio. The chemical analysis of both materials are listed in 
Table 3. The sorbents were air dried, crushed, and screened before being 
fed to the FBC at the top of the expanded bed. The size distributions of 
sorbents used in the tests are presented in Table 4. 


Table 3 

Composition of Sorbents 


Elemental 

Tymoehtee 

Greer 

Analysis 

Dolomite 

Limestone 

As Carbonates* 

CaC0 3 % 

53.88 

86.2 

MgC0 3 % 

41.49 

5.34 

As Oxides* 

CaO% 

28.04 

44.8 

MgO% 

19.84 

2.15 

cq 2 % 

42.05 

47.37 

* Balance is moisture, AI 2 O 3 , Si0 2 , 

and traces . 


Size Range 


Greer Limestone Wt % 


Tymocl^eeJDolomite Wt°/ 0 



1/4 x 10 mesh 

1/4 x 30 mesh 

_ .1/4 x 28 mesh 5/10 x 3/32 

l/4"-4 mesh 

39.8 

2.28 

0.2 

47.87 

4-6 mesh 

49.9 

— — 

““ 


4-8 mesh 

-- 

34.8 

27.7 

49.40 

6-10 mesh 

9.7 

““ *“ 

«•» 

-- 

8-16 mesh 

— 

30.34 

20 . 4 

1.53 

10-12 mesh 

0.4 

— - 

” — 

— 

16-30 mesh 

-- 

14.61 

17.8 

.08 

30-50 mesh 

— 

5.32 

10.1 

.16 

50-100 mesh 

— 

4 . 03 

6 . 4 

.08 

-100 

-- 

8.59 

17.4 

.88 


EXPERIMENTAL FACILITY AND START UP PROCEDURE 


The experimental facility at the Morgantown Hurray Technology Center for 
fluidized-bed combustion of low-quality fuel 1 oat; ih i 1 i I y .studies is shown 
schematically in Figure 1 . It is basically a rei rart ory- 1 i ne»d cyclindrical 
combustor having an internal diameter of 0.4b m (18 nn lic:; j in the 1.14 m 
(45 inches) high bed region with an attached 0 . 6*1 rn ( 2 i inches) high expanded 
freeboard section of 0.61 m (24 inches) diameter. 

The combustor contains a set of hair-pin-type water coded heat exchanger 
tubes located in the bed region and a single pass water cooled heat exchanger 
in the expanded freeboard. Coal is metered iron) a hopper and is fed into a 
fuel injection chamber by a screw feeder. The coal is then injected into 
the bed near the base of the conical air distributor plate by compressed 
air. Limestone, when used, is metered from a hopper and fed by a screw 
feeder directly into the top of the expanded bed. Entrained particulates 
in the flue gas leaving the combustor are removed by two stages of cyclones 
followed by bag filters. Particulate? matter removed by the* primary cyclone 
is reinjected into the bed for additional carbon hurrmp. Flue* gas leaving 
the combustor is continuously sampled and analyzed. CO and C0 2 are deter- 
mined by non-dispersive infra-red analyzers. A chemiluminescence analyzer 
is used to determine NO and NO S0 2 and total hydrocarbon analyses are 
made by a flame photometric analyzer and a flame ionization analyzer, respec- 
tively, and 0 2 by a paramagnetic analyzer. 

Start up of the unit is accomplished by preheating the lower part of the 
combustor to 8 l 6 ’C (1500°F) with premixed natural gas and air. When the 
desired temperature level is reached, approximately 23 kg (50 lb) of bed 


OttCSrONE 



LOCK HOPPER 


continued with minimum sorbent addition until sulfur dioxide is seen in the 
flue gas. Then desired operating conditions are established and the unit 
allowed to stabilize before a data-taking balance period is started. Typi- 
cal balance periods are 10 hours in duration. 


RESULTS OF SULFUR RETENTION STUDIES 


It has been mentioned previously that the present study was undertaken in 
response to the concern about the impact of the proposed NSPS of 90 percent 
sulfur retention on AFBC technology. The studies, therefore, were carried 
out at conditions which could lead to high sulfur retention in the bed. 

The variables investigated for the present study have been Ca/S mole ratio, 
fluidized-bed temperature, gas residence time, type and particle size of 
sorbent. Table 5 presents a summary of the experimental conditions and the 
sulfur retention results for the experiments carried out in this study. 

The analysis of the results are discussed below. 


Figure 2 illustrates the effect of average bed temperature on the percentage 
of sulfur captured by two different types of sorbent, Greer limestone and 
Tymochtee dolomite. Data for Greer Limestone show a clear temperature 
dependence (solid curve) in spite of variations Ca/S ratio, gas residence 
time and sorbent particle size. A maximum reactivity around 1550°F is evi* 
dent. Tymochtee Dolomite does not show a clear trend in this data. An 
optimum temperature range for sulfur capture is observed for Greer limestone 
between 1500° to 1600°F. As seen, 90 percent or better sulfur retention 
can be obtained over the optimum temperature range. 


The effect of Ca/S mole ratio on sulfur retention is shown in Figure 3 for 
the two sorbents at a bed temperature range between 1500° to 1600°F where 
sulfur capture had been optimized. The present results indicate that for 
this particular high sulfur coal and Greer limestone, a calcium-to-sulfur 
mole ratio of 2.0 would be adequate to assure compliance with the proposed 
NSPS of 90 percent sulfur removal. With Tymochtee Dolomite, a Ca/S ratio 
modJ' 5 appears t0 be ade q ua te to meet a 90% sulfur retention with the revised 
°f percent sulfur retention, lower Ca/S ratios would appear to be 
sufficient in the optimum bed temperature range and with the 0.75 sec to 
sec residence times used in these tests, but the data is insufficient 
o raw a firm conclusion at this retention level. The calcium-to-sulfur 
ratio required to maintain 90 percent sulfur removal, however, is lower than 

thp. Tp '/c? ^ a ^ = ^-8) by Westinghouse kinetic model (4) and by 

the MIT model (Ca/S S 3.1) (5) at similar operating conditions. 


TABLE 5. SUMMARY OF EXPERIMENTAL CONDITIONS AND SULFUR RETENTION RESULTS 
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FIGURE 2, Effect of Average Bed Temperature on Sulfur Retention 
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FIGURE 3. Effect of Ca/S Mole Ratio on Sulfur Retention 


